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APPARATUS AND METHOD FOR USING AN
ERROR CORRECTION CODE IN A
MEMORY SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application claims the priority and benefits of
Korean Patent Application No. 10-2021-00243565, filed on
Feb. 24, 2021, the entire disclosure of which is incorporated
herein by reference.

TECHNICAL FIELD

The embodiments of the disclosed technology relate to
apparatus and methods for using an error correction code 1n
a memory system.

BACKGROUND

Recently, the computing environment paradigm 1s transi-
tioming to ubiquitous computing, enabling computing to
appear anytime and anywhere. The recent increase in the use
of ubiquitous computing 1s leading to an increase 1n the use
ol portable electronic devices (e.g., mobile phones, digital
cameras, notebook computers, or others). Such portable
clectronic devices may use or mnclude a memory system
having at least one memory device as i1ts data storage
medium. The memory system may be a data storage device,
which can be used as a main storage device or an auxiliary
storage device of a portable electronic device.

Such a semiconductor-based data storage device provides
advantages over the traditional hard disk drives since semi-
conductor memory devices have no mechanical moving
parts (e.g., a mechanical arm), and thus offers excellent
stability and durability, high data rate and low power con-
sumption. Examples of the semiconductor-based data stor-
age device include, but are not limited to, Universal Serial
Bus (USB) memory devices, memory cards having various
interfaces, and solid state drives (SSDs).

SUMMARY

The embodiments of the disclosed technology relate error
correction code encoding and decoding schemes that can
reduce the complexity of encoder and decoder designs.

In some embodiments of the disclosed technology, an
error correction code apparatus includes a data input node
configured to receive data to be encoded, and an encoder 1n
communication with the data input node and configured to:
generate a first result by multiplying bits of the data by a first
matrix; divide parity bits into a first parity group obtained by
multiplying the first result by a second matrix and a second
parity group obtained by an exclusive OR operation on the
first result and the first parity group, based on a plurality of
polynomials determined based on the second matrix; mul-
tiply the first result and the second matrix to generate one or
more first parity bits in the first parity group; perform an
exclusive OR operation on the first result and the first parity
group to generate one or more second parity bits 1n the
second parity group; and generate a codeword having the
bits of the data bits and the parity bits.

In some embodiments of the disclosed technology, a
memory system includes a memory device comprising a
plurality of non-volatile memory cells, and a controller in
communication with the memory device and configured to
store a codeword 1n the plurality of non-volatile memory
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2

cells or read the codeword from the plurality of non-volatile
memory cells, wherein the controller 1s configured to: mul-
tiply one or more data bits by a first matrix to generate a first
result; divide parity bits into a first parity group obtained by
multiplying the first result by a second matrix and a second
parity group obtained by an exclusive OR operation on the
first result and the first parity group, based on a plurality of
polynomials determined based on the second matrix; per-
form a computation for obtaining the first parity group and
the second parity group; and combine the one or more data
bits and the first and second parity bits to generate the
codeword.

In some embodiments of the disclosed technology, a
method for operating a memory system includes checking
one or more data bits and a program command nput from an
external device, multiplying the one or more data bits by a
first matrix to generate a first result, dividing parity bits into
a first parity group obtained by multiplying the first result by
a second matrix and a second parity group obtained by an
exclusive OR operation on the first result and the first parity
group, based on a plurality of polynomials determined based
on the second matrix, performing a computation for obtain-
ing the first parity group and the second parity group, and
combining the one or more data bits and the first and second
parity bits to generate a codeword to be written to the
memory system.

In some embodiments of the disclosed technology, an
error correction code apparatus includes a data mput node
configured to receive data to be encoded; and an encoder 1n
communication with the data input node and configured to
(a) generate a first result by multiplying a first number of
data bits by a first matrix, (b) generate a first parity group
that includes one or more first parity bits and obtained by
multiplying the first result by a second matrix, (¢) generate
a second parity group that includes one or more second
parity bits by performing an exclusive OR operation on the
first result and the first parity group, (d) determine a number
of parity bits for producing an LDPC-encoded codeword
based on the first parity group and the second parity group;
and (e) generate a codeword having the first number of data
bits and the number of parity bits determined in operation
(d).

In some embodiments of the disclosed technology, a
memory system includes a memory device comprising a
plurality of non-volatile memory cells, and a controller in
communication with the memory device and configured to
store a codeword 1n the plurality of non-volatile memory
cells or read the codeword from the plurality of non-volatile
memory cells, wherein the controller 1s configured to: (a)
multiply one or more data bits by a first matrix to generate
a first result, (b) generate a first parity group that includes
one or more {irst parity bits by multiplying the first result by
a second matrix, (c¢) generate a second parity group that
includes one or more second parity bits by performing an
exclusive OR operation on the first result and the first parity
group based on one or more computations including a
multiplication of the first result and the second matnx, (d)
perform a computation for obtaining the first parity group
and the second parity group, and (e) combine the one or
more data bits and the first and second parity bits to generate
the codeword.

In some embodiments of the disclosed technology, a
method for operating a memory system includes checking
one or more data bits and a program command provided by
an external device, multiplying the one or more data bits by
a first matrix to generate a first result, generating a first parity
group that includes one or more first parity bits by multi-
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plying the first result by a second matrix and generating a
second parity group that includes one or more second parity
bits by performing an exclusive OR operation on the first
result and the first panty group based on one or more
computations including a multiplication of the first result
and the second matrix, performing a computation for obtain-

ing the first parity group and the second parity group, and
combining the one or more data bits and the first and second
parity bits to generate a codeword to be written to the
memory system.

In some embodiments of the disclosed technology, an
error correction code apparatus includes an encoder config-
ured to generate M-bit parity corresponding to K-bit data to
output a codeword having a N-bit size (N=K+M), wherein
the encoder multiplies the K-bit data by a first matrix to
generate a first result, divides the M-bit parity into a first
parity group, obtained by multiplying the first result by a
second matrix, and a second parity group, obtained by an
exclusive OR operation of the first result and the first parity
group, based on a plurality of polynomials generated mul-
tiplying the first result by the second matrix, and performs
computation for obtaining the first parity group and the
second parity group, and a decoder configured to detect and
correct an error 1n the codeword generated by the encoder.

In some embodiments of the disclosed technology, a
memory system includes a memory device comprising a
plurality of non-volatile memory cells, and a controller
configured to store a codeword in the plurality of non-
volatile memory cells or read the codeword from the plu-
rality of non-volatile memory cells, wherein the controller 1s
configured to multiplies data by a first matrix to generate a
first result, divides the parity into a first parity group,
obtained by multiplying the first result by a second matrix,
and a second parity group, obtained by an exclusive OR
operation of the first result and the first parity group, based
on a plurality of polynomials generated multiplying the first
result by the second matrix, performs computation for
obtaining the first parity group and the second parity group
and combines the data and the parity to generate the code-
word to the memory device.

In some embodiments of the disclosed technology, a
method for operating a memory system includes checking
data and a program command input from an external device,
multiplying the data by a first matrix to generate a first result,
dividing the parity into a first parity group, obtained by
multiplying the first result by a second matrix, and a second
parity group, obtained by an exclusive OR operation of the
first result and the first parity group, based on a plurality of
polynomials generated multiplying the first result by the
second matrix, performing computation for obtaining the
first panty group and the second parity group, and combin-
ing the data and the parity to generate the codeword to
program the codeword 1n the memory device.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an example of a memory system based
on some embodiments of the disclosed technology.

FI1G. 2 illustrates an example of a data processing system
based on some embodiments of the disclosed technology.

FIG. 3 illustrates an example of a memory system based
on some embodiments of the disclosed technology.

FI1G. 4 illustrates an example configuration of a controller
shown 1n FIGS. 1 to 3.

FIG. 5 illustrates an example of an encoding apparatus
that generates a low-density parity check (LDPC) code.
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FIG. 6 illustrates an example of a first matrix and a second
matrix used in FIG. 3.

FIG. 7 illustrates an example of an encoding apparatus
and method based on some embodiments of the disclosed
technology.

FIG. 8 illustrates a flow chart of an encoding method
based on some embodiments of the disclosed technology.

FIG. 9 illustrates calculations of a low density parity
check (LDPC) code based on some embodiments of the
disclosed technology.

FIG. 10 illustrates matrix multiplications and logic opera-
tions that are performed to obtain the LDPC code described
in FIG. 9.

FIG. 11 1llustrates an eflect of an encoding apparatus 1n a
memory system based on some embodiments of the dis-
closed technology.

DETAILED DESCRIPTION

Various embodiments of the disclosure are described
below with reference to the accompanying drawings. Ele-
ments and features of the disclosure, however, may be
configured or arranged differently to form other embodi-
ments, which may be variations of any of the disclosed
embodiments.

In this disclosure, references to various features (e.g.,
clements, structures, modules, components, steps, opera-
tions, characteristics, etc.) imncluded 1 “one embodiment,”
“example embodiment,” “an embodiment,” “another
embodiment,” “some embodiments,” ‘“various embodi-
ments,” “other embodiments,” “alternative embodiment,”
and the like are intended to mean that any such features are
included 1n one or more embodiments of the present disclo-
sure, but may or may not necessarily be combined in the
same embodiments.

In this disclosure, the terms “comprise,” “comprising,”
“include,” and “including” are open-ended. As used in the
appended claims, these terms specily the presence of the
stated elements and do not preclude the presence or addition
of one or more other elements. The terms 1n a claim does not
foreclose the apparatus from including additional compo-
nents (e.g., an interface unit, circuitry, etc.).

In this disclosure, various units, circuits, or other com-
ponents may be described or claimed as “configured to”
perform a task or tasks. In such contexts, “configured to” 1s
used to connote structure by indicating that the blocks/units/
circuits/components include structure (e.g., circuitry) that
performs one or more tasks during operation. As such, the
block/unit/circuit/component can be said to be configured to
perform the task even when the specified block/unit/circuit/
component 1s not currently operational (e.g., 1s not turned on
nor activated). The block/unit/circuit/component used with
the “configured to” language include hardware-for example,
circuits, memory storing program instructions executable to
implement the operation, etc. Additionally, “configured to”
can include generic structure (e.g., generic circuitry) that 1s
mampulated by software and/or firmware (e.g., an FPGA or
a general-purpose processor executing software) to operate
in manner that 1s capable of performing the task(s) at 1ssue.
“Configured to” may also include adapting a manufacturing
process (e.g., a semiconductor fabrication facility) to fabri-
cate devices (e.g., integrated circuits) that are adapted to
implement or perform one or more tasks.

As used 1n the disclosure, the term ‘circuitry’ or ‘logic’
refers to all of the following: (a) hardware-only circuit
implementations (such as implementations in only analog
and/or digital circuitry) and (b) combinations of circuits and
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soltware (and/or firmware), such as (as applicable): (1) to a
combination of processor(s) or (11) to portions of proces-
sor(s)/soltware (including digital signal processor(s)), soft-
ware, and memory(ies) that work together to cause an
apparatus, such as a mobile phone or server, to perform
various functions) and (c) circuits, such as a microproces-
sor(s) or a portion of a microprocessor(s), that require
soltware or firmware for operation, even if the software or
firmware 1s not physically present. This definition of ‘cir-
cuitry’ or ‘logic’ applies to all uses of this term in this
application, including 1n any claims. As a further example,
as used 1n this application, the term “circuitry” or “logic”
also covers an implementation of merely a processor (or
multiple processors) or portion of a processor and 1ts (or
their) accompanying software and/or firmware. The term
“circuitry” or “logic” also covers, for example, and 1f
applicable to a particular claim element, an integrated circuit
for a storage device.

As used herein, these terms “first,” “second,” “third,” and
so on are used as labels for nouns that they precede, and do
not imply any type of ordering (e.g., spatial, temporal,
logical, etc.). The terms “first” and “second” do not neces-
sarily 1mply that the first value must be written before the
second value. Further, although the terms may be used
herein to i1dentity various elements, these elements are not

limited by these terms. These terms are used to distinguish
one element from another element that otherwise have the
same or similar names. For example, a first circuitry may be
distinguished from a second circuitry.

Further, the term “based on” 1s used to describe one or
more factors that aflect a determination. This term does not
toreclose additional factors that may aflect a determination.
That 1s, a determination may be solely based on those factors
or based, at least 1n part, on those factors. Consider the
phrase “determine A based on B.” While in this case, B 1s a
tactor that aflects the determination of A, such a phrase does
not foreclose the determination of A from also being based
on C. In other instances, A may be determined based solely
on B.

Herein, an item of data, a data item, a data entry or an
entry of data may be a sequence of bits. For example, the
data item may include the contents of a file, a portion of the
file, a page mm memory, an object 1n an object-oriented
program, a digital message, a digital scanned 1mage, a part
of a video or audio signal, metadata or any other enfity
which can be represented by a sequence of bits. According,
to an embodiment, the data item may include a discrete
object. According to another embodiment, the data item may
include a unit of mnformation within a transmission packet
between two different components.

The disclosed technology can be implemented 1n some
embodiments to provide a data processing system and a
method for operating the data processing system. In some
implementations, the data processing system includes com-
ponents and resources that are configured to store data and
may dynamically allocate data paths to be used for data
communication between the components and resources
based on their usages.

In addition, the disclosed technology can be implemented
in some embodiments to provide an apparatus and a method
for improving performance of the memory system by reduc-
ing the amount of computation that are performed based on
a low density parity check (LDPC) code, which 1s an error
correction code for detecting and correcting errors 1n data
that 1s read out from a memory system or non-volatile
memory cells.
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In some 1implementations of the disclosed technology, the
memory system may generate parity bits to perform an
encoding based on the LDPC code by dividing the parity bits
into two groups: (1) a first group obtained by multiplying a
first matrix by a second matrix; and (2) a second group
obtained by a simple logic operation (e.g., an exclusive OR
(XOR) operation). The memory system can change the
calculation sequence to reduce the number of matrix mul-
tiplications, thereby reducing the amount of calculation
needed to generate the parity bits.

The disclosed technology may also be implemented based
on some embodiments to reduce the amount of computation
needed to perform an encoding based on a regular or
irregular LDPC code corresponding to a data size in a read
operation or write operation performed within a memory
system, thereby reducing the complexity of encoder and
decoder designs and resource consumption in the memory
system.

In some implementations, an encoder may: generate a first
result by multiplying a first number of data bits by a first
matrix; divide a second number of parity bits into a first
parity group obtained by multiplying the first result by a
second matrix and a second parity group obtained by an
exclusive OR operation on the first result and the first parity
group, based on a plurality of polynomials determined based
on the second matrix; generate one or more first parity bits
included in the first parity group obtained by multiplying the
first result by a second matrix; generate one or more second
parity bits in the second parity group obtained by performing
an exclusive OR operation on the first result and the first
parity group; and generate a codeword having the first
number of data bits and the second number of parity bits.

In an embodiment, an error correction code apparatus can
include a data mput node configured to receirve data to be
encoded; and an encoder in communication with the data
input node and configured to: generate a first result by
multiplying bits of the data by a first matrix; divide parity
bits 1nto a first parity group obtained by multiplying the first
result by a second matrix and a second parity group obtained
by an exclusive OR operation on the first result and the first
parity group, based on a plurality of polynomials determined
based on the second matrix; multiply the first result and the
second matrix to generate one or more first parity bits 1n the
first parity group; perform an exclusive OR operation on the
first result and the first parity group to generate one or more
second parity bits 1n the second parity group; and generate
a codeword having the bits of the data bits and the parity
bits.

The encoder can be configured to change a calculation
sequence for generating the one or more first parity bits and
the one more second parity bits to reduce a number of first
parity bits included in the first parity group.

The encoder can be configured to use one or more first or
second parity bits that have been calculated 1n the first parity
group or the second parity group to perform a subsequent
exclusive OR operation, based on a calculation sequence, for
generating another second parity bit.

The encoder can include a first calculator configured to
multiply the bits of the data by the first matrix to output the
first result; a first selector configured to divide the parity bits
into the first parity group and the second parity group; a
second calculator configured to multiply the first result by
the second matrix to determine the one or more first parity
bits included in the first parity group; a second selector
configured to selectively transfer an output of the second
calculator for the exclusive OR operation; determination
circuitry configured to sequentially group the number of
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parity bits and feedback at least one parity bit for the
exclusive OR operation; and a third calculator configured to
perform the exclusive OR operation on the first result and
the first and second panty bits outputted from the second
selector and the determination circuitry to obtain the one or
more second parity bits included 1n the second parity group.

The first matrix can include: a number of rows that
represents the number of the bits of data; and a number of
columns that represents the number of parity bits, and the
second matrix mncludes: a number of rows that represents the
first number of parity bits; and a number of columns that
represents the first number of parity baits.

Each of the plurality of polynomials determined by mul-
tiplication of the first result and the second matrix can
include a mathematical relationship between the first result
and at least part of the parity baits.

In another embodiment, a memory system can include a
memory device comprising a plurality of non-volatile
memory cells; and a controller in communication with the
memory device and configured to store a codeword 1n the
plurality of non-volatile memory cells or read the codeword
from the plurality of non-volatile memory cells. The con-
troller 1s configured to: multiply one or more data bits by a
first matrix to generate a first result; divide parity bits 1nto a
first parity group obtained by multiplying the first result by
a second matrix and a second parity group obtained by an
exclusive OR operation on the first result and the first parity
group, based on a plurality of polynomials determined based
on the second matrix; perform a computation for obtaining
the first parity group and the second parity group; and
combine the one or more data bits and the first and second
parity bits to generate the codeword.

A length of the codeword can be determined based on a
length of the one or more bits programmed or read at each
program operation or read operation.

The controller can be configured to change a calculation
sequence for generating the one or more first parity bits 1n
the first parity group and the one more second parity bits in
the second parity group to reduce a number of first parity bits
included 1n the first parity group.

The controller can be configured to use one or more first
or second parity bits that have been calculated 1n the first
parity group or the second parity group to perform a sub-
sequent exclusive OR operation, based on a calculation
sequence, for generating another second parity bit.

The controller can include a first calculator configured to
multiply the one or more data bits by the first matrix to
output the first result; a first selector configured to divide the
parity bits into the first parity group and the second parity
group; a second calculator configured to multiply the first
result by the second matrix to determine the one or more first
parity bits included in the first parity group; a second
selector configured to selectively transfer an output of the
second calculator for the exclusive OR operation; determi-
nation circuitry configured to sequentially group the first and
second parity bits included in the first and second parity
groups and feedback at least one parity bit for the exclusive
OR operation; and a third calculator configured to perform
the exclusive OR operation on the first result and the first
and second parity bits outputted from the second selector
and the determination circuitry to obtain the one or more
second parity bits included in the second parity group.

The one or more data bits can include a first number of
data bits and the parity bits include a second number of
parity bits, and wherein the first matrix includes: a number
of columns that represents the number of parity bits; and a
number of rows that represents the first number of data bits,
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and the second matrix includes: a number of rows that
represents the second number of parity bits; and a number of
columns that represents the second number of parity bits.
Each of the plurality of polynomials determined by mul-
tiplication of the first result and the second matrix can

include a mathematical relationship between the first result
and at least part of the parity baits.

The controller can be configured to detect and correct an
error 1n the codeword upon receipt of the codeword from the
memory device.

In another embodiment, a method for operating a memory
system can include checking one or more data bits and a
program command input from an external device; multiply-
ing the one or more data bits by a first matrix to generate a
first result; dividing parity bits into a first parity group
obtained by multiplying the first result by a second matrix
and a second parity group obtained by an exclusive OR
operation on the first result and the first parity group, based
on a plurality of polynomials determined based on the
second matrix; performing a computation for obtaining the
first parity group and the second parity group; and combin-
ing the one or more data bits and the first and second parity
bits to generate a codeword to be written to the memory
system.

A length of the codeword can be determined based on a
length of the one or more bits programmed or read once at
cach program operation or read operation.

The method can further include changing a calculation
sequence for generating the one or more first parity bits 1n
the first parity group and the one more second parity bits in
the second parity group to reduce a number of first parity bits
included in the first parity group.

The one or more first or second parity bits that have been
calculated 1n the first parity group or the second parity group
can be used to perform a subsequent exclusive OR operation
for generating another second parity bit according to a
calculation sequence of the plurality of polynomials.

The one or more data bits can include a first number of
data bits and the parity bits include a second number of
parity bits. The first matrix can include: a number of
columns that represents the number of parity bits; and a
number of rows that represents the first number of data bits,
and the second matrix includes: a number of rows that
represents the second number of parity bits; and a number of
columns that represents the second number of parity bits.

The plurality of polynomials determined by multiplica-
tion of the first result and the second matrix can include a
mathematical relationship between the first result and at
least part of the parity bits.

FIG. 1 1illustrates an example of a memory system 110
based on some embodiments of the disclosed technology.

Referring to FIG. 1, the memory system 110 may include
a memory device 150 and a controller 130. The memory
device 150 and the controller 130 may be physically sepa-
rated from each other in the memory system 110. The
memory device 150 and the controller 130 may be con-
nected via at least one data path. For example, the data path
may include a channel and/or a way. In some embodiments
of the disclosed technology, the memory device 150 and the
controller 130 may be functionally divided. Further, in some
embodiments of the disclosed technology, the memory
device 150 and the controller 130 may be implemented with
a single chip or a plurality of chips.

The memory device 150 may include a plurality of
memory blocks 152. The memory block 152 may 1nclude a
group of non-volatile memory cells in which data 1s erased
together during a single erase operation. The memory block
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152 may include a plurality of pages. In some embodiments
of the disclosed technology, each page may include a group
of non-volatile memory cells 1n which data 1s stored together
during a single program operation or read out together
during a single read operation.

The memory device 150 may include a plurality of
memory planes 184 or a plurality of memory chip dies 182.
In some embodiments of the disclosed technology, a
memory plane 184 may include a logical or a physical
partition including at least one memory block 152, a driving,
circuit capable of controlling an array including a plurality
ol non-volatile memory cells, and a bufler that can tempo-
rarily store data to be input to the non-volatile memory cells
or data output from non-volatile memory cells.

In addition, 1n some embodiments of the disclosed tech-
nology, a memory chip die 182 may include at least one
memory plane 184. The memory chip die 182 may include
a set of components implemented on a substrate. Each
memory chip die 182 may be connected to the controller 130
through a data path. Each memory chip die 182 may include
an 1nterface to exchange data and a signal with the controller
130.

In some embodiments of the disclosed technology, the
memory device 150 may include at least one memory block
152, at least one memory plane 184, or at least one memory
chip die 182. The internal configuration of the memory
device 150 shown in FIG. 1 may be modified to meet
performance requirements of the memory system 110.

The controller 130 may perform a data input/output
operation 1n response to a request from the external device.
For example, when the controller 130 performs a read
operation 1 response to a read request from the external
device, data stored in a plurality of non-volatile memory
cells included 1n the memory device 150 1s transtierred to the
controller 130.

The controller 130 may use a memory 144 for the data
input/output operation. For example, the controller 130 may
temporarily store the data transferred from the memory
device 150 1n a memory 144 shown in FIGS. 2 and 3. The
controller 130 may output the data stored 1n the memory 144
to the external device 1n response to the read request.

As manufacturers decrease the physical size of the
memory system 110 while increasing 1ts data storage capac-
ity within a limited memory bandwidth for its data mput/
output operation, the error rates 1n the data read out from the
memory system 110 can increase. In order to enhance the
performance of the memory system 110, the data requested
by the external device should be stored in the memory
device 150 and read out to the external device without an
error. The error 1n the read-out data may occur inside the
memory device 150 or during the data commumnication
between the controller 130 and the memory device 150. To
improve performance of the memory system 110, the error
in the read-out data 1s corrected using error correction codes.
In some implementations, the controller 130 can encode data
provided by an external device based on an error correction
code and write (program) encoded data in the memory
device 150. During a read operation, the controller can 130
can detect errors 1n the encoded data read from the memory
device 150 and correct the errors by decoding the encoded
data based on the error correction code.

In one example, the errors in the data read out from the
memory device 150 may occur as discussed below. Each of
the plurality of non-volatile memory cells 1n the memory
device 150 may include the smallest physical component for
storing data. A non-volatile memory cell can be classified
into a single-level cell (SLC), which 1s configured to store
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1-bit data per cell, a multi-level cells (MLC), which 1s
configured to store 2-bit data per cell, a trniple-level cell
(TLC), which 1s configured to store 3-bit data per cell
depending on how many bits of data can be stored 1n a single
memory cell. In some implementations, non-volatile
memory cells are located at each cross point of a bit line
(BL) through which current flows to indicate the data stored
in the memory cell. In other implementations, non-volatile
memory cells are connected 1n series to a bit line (BL). Word
lines (WL) are also arranged across a memory cell array of
the non-volatile memory cells to select/activate certain
memory cells. In some 1mplementations, each of the non-
volatile memory cells may include a tloating gate FG to store
clectric charges corresponding to data bits. In one example,
the floating gate FG may include a conductor matenal. In
another example, the floating gate FG may include an
insulator material such as an oxide film. When a high-level
voltage (e.g., a positive high voltage) 1s applied from a
control gate, electrons pass through an oxide layer disposed
on the floating gate FG and enter the floating gate FG. The
data can be written (programmed) to the non-volatile
memory cell by allowing the electrons to pass through the
oxide layer and remain 1n the floating gate FG. Conversely,
to erase the programmed data from the non-volatile memory
cell, the electrons trapped in the floating gate FG are
removed Ifrom the floating gate FG by applying a high
voltage (e.g., a positive high-level voltage) to a semicon-
ductor substrate. As electrons move 1 and out of the
non-volatile memory cell during a program operation and an
crase operation, the oxide layer may be damaged, causing
errors 1n read-out data. As the number of data bits that can
be stored in the non-volatile memory cell increases (e.g.,
MLC, TLC, etc.), the data integrity of the non-volatile
memory cell may decrease.

The controller 130 can i1nclude error correction circuitry
configured to encode data using error correction codes to
detect and correct errors in data read out from the memory
device 150. In addition, controller 130 can include bad block
control circuitry 182 to determine whether to discard or
continue to use the non-volatile memory cells 1n which
errors occurred. When a memory block 1s labeled as a bad
block, the controller 130 does not write data to the “bad”
memory block.

Further, the controller 130 can include a randomizer 184.
When a data to be programmed 1n the memory device 150
has a regular pattern that includes a repetition of specific
data, the reliability of the read-out data may be degraded due
to an interference, e.g., Back Pattern Dependency (BPD), or
a coupling between adjacent non-volatile memory cells. The
Back Pattern Dependency (BPD) can occur when a thresh-
old voltage of a non-volatile memory cell programmed {first
1s 1ncreased by increased resistance of string when adjacent
non-volatile memory cells are programmed during a random
program operation or a min-max program operation. For
example, when a program or read operation 1s performed 1n
the memory device 150, the BPD may change a threshold
voltage of a specific non-volatile memory cell according to
a status pattern ol adjacent non-volatile memory cells
coupled via the same word line or bit line to the specific
non-volatile memory cell.

In addition, the coupling occurs when a threshold voltage
ol a specific non-volatile memory cell increases 1n propor-
tion to the change of threshold voltages of surrounding
non-volatile memory cells adjacent to the specific memory
cell. The randomizer 184 can be used to avoid distortion of
voltage values corresponding to data that may occur due to
the mterference or the coupling between diflerent memory
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cells. When statuses (e.g., programmed, erased, etc.) of the
non-volatile memory cells 1n which a data 1s stored 1n the
memory device 150 are equalized through the randomizer
184, 1t 1s possible to avoid distortion of a threshold voltage

of non-volatile memory cell based on a specific pattern of °

the data, thereby improving the reliability of the data. The
randomizer 184 might not eliminate all bad patterns that
may occur in the memory device 150. However, the ran-
domizer 184 can remove a typical bad pattern that 1s likely
to occur 1n the data. For example, 11 all the memory cells in
a specilic page are programmed with zero (logic low) and all
the memory cells 1n an immediately adjacent page are
programmed with one (logic high), that data pattern can be
characterized as a bad pattern. In some implementations, the
randomizer 184 can randomize the data to reduce a gap
between a good pattern and a bad pattern. Accordingly, the
randomizer 184 may be used to randomize the data to be
written to the memory device 150.

In some embodiments of the disclosed technology, the
controller 130 may include circuitry configured to perform
additional operations to enhance performance of the error
correction and bad block control circuitry 182 and improve
operational reliability. As a manufacturing process 1s refined,
a s1ze ol a non-volatile memory cell can decrease. When the
s1ze ol the non-volatile memory cell 1s smaller, the number
ol electrons stored (or trapped) in the non-volatile memory
cell decreases, so that error probability can increase. Increas-
ing data density or information density can decrease a noise
margin and make the non-volatile memory cell vulnerable to
an error. As a countermeasure to compensate for this 1ssue,
a more powertul error correction code (ECC) function could
be used as the number of data bits per a non-volatile memory
cell increases. In addition, the controller 130 may 1nclude
additional circuitry for detecting and correcting errors that
may occur in data communication between the controller
130 and the memory device 150 when the memory system
110 performs a data input/output operation at a high speed.

In the data commumnication between the controller 130 and
the memory device 150, data may be transmitted and
received according to a preset communication protocol. The
data may be packaged 1n a data packet based on the
corresponding protocol. For example, the controller 130
may support at least one protocol such as Fiber Channel
(FC), Universal Serial Bus (USB) 3.0, Serial Attached SCSI
(SAS), and Peripheral Component Interface Express (PCle).
The controller 130 may include Link Cyclic Redundancy
Code (LCRC) circuitry 186 for detecting an error that may

occur 1n the data communication between the memory

device 150 and the controller 130. Herein, the Link Cyclic
Redundancy Code (LCRC) 1s a sort of standard PCle feature
that protects the contents of a Transaction Layer Packet
(TLP) across a single PCle link.

In some implementations, the controller 130 and the
memory device 150 support Peripheral Component Inter-
connect (PCI) Express (PCle). PCle can support a split
transaction in which a request and a response are separated
in a time domain, allowing the link to deliver a different
traflic while a target device 1s collecting data included 1n the
response. The controller 130 and the memory device 150
supporting PCle can have a point-to-point connection and
can be implemented in a dual-simplex method using two
differential amplifiers 1n one direction. In addition, when the
number ol data transmission lines (or channels) i the
bidirectional direction i1s increased, a bandwidth of data
communication between the controller 130 and the memory
device 150 may be configured to be scalable.
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The data packet may be generated by the transaction layer
and the data link layer. Depending on which layer 1s asso-
ciated with, the data packet may be referred to as a trans-
action layer packet (TLP) or a data link layer packet
(DLLP). In addition, a physical layer packet (PLP) may be
generated for a link control by a physical layer. Further,
packets of each layer can be exchanged between the same
layer of parties connected by the link. For example, infor-
mation 1s added before and after the data packet by lower
protocol layers, and the data packet can be transmitted
through the data transmission line. A packet received by the
memory device 150 may be transmitted to an upper protocol
layer after deleting the information added by each protocol
layer. Specifically, the transaction layer packet (TLP) for
end-to-end communication can include a TLP header, a data
payload, and an End-to-end CRC (ECRC) (or Cyclic Redun-
dancy Check) which are generated 1n the transaction layer.

When transmitted in the data link layer, a sequence number
and a link cyclic redundancy check (LCRC) may be added

to the data link layer packet (DLLP). When received by the
memory device 150, the sequence number and the link
cyclic redundancy check (LCRC) can be deleted after
inspection. The data link layer packet DLLP can be used for
exchanging information such as an acknowledgment
response (ACK) and a negative acknowledgment response
(NAK) of the transaction layer packet (TLP) between both
sides of the link.

In an embodiment of the disclosed technology, an appa-
ratus and a method can be provided to reduce the amount of
computation associated with the error correction circuitry
188 using the low-density parity check (LDPC) code. The
parity check matrix H Matrix may include a plurality of
matrices. The error correction circuitry 188 can multiply an
input data by a first matrix to generate a {irst result obtained
by multiplying data by a first matrix, divide a parity into a
first parity group, obtained by multiplying the first result by
a second matrix, and a second parity group, obtained by an
exclusive OR operation of the first result and the first parity
group, based on a plurality of polynomials generated by
multiplying the first result by the second matrix. The error
correction circuitry 188 can perform a matrix multiplication
for obtaining the first parity group but perform a logical
operation (e.g., an exclusive OR operation) to obtain the
second parity group. After performing the computation to
obtain the first and second parity groups, the error correction
circuitry 188 can combine the parity, including the first and
second parity groups, with the data to generate a codeword.
The error correction circuitry 188 can transmit the codeword
to the memory device 150.

In some embodiments of the disclosed technology, the
controller 130 can include error correction circuitry 188
using a low density parity check (LDPC) code. The error
correction circuitry 188 may include an encoder and/or a
decoder to perform an error correction operation based on
the low density parity check (LDPC) code. The LDPC code
can be generally classified mto a random LDPC code, a
structural LDPC code generated on a block basis, and a
semi-random LDPC code. Unlike the random LDPC code, a
structural code can be generated by an algebraic or geomet-
ric method. The structural code on a block basis may include
a parity check matrix (H matrix) with a sub-matrix or a
zero-matrix having a column weight and a row weight of 1.
For example, the structural code can be classified into a
regular LDPC code and an 1rregular LDPC code according
to weights of the column and row.

Because a parity check matrix (H Matrix) of the random
LDPC code 1s randomly generated, transmission/reception
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circuitry of the controller 130 and the memory device 150 1n
the memory system 110 stores all the parity check matrix (H
Matrix) in order to satisty various frame sizes and code
rates. On the other hand, 1n the structural LDPC code, a
parity check matrix (H Matrix) can be generated based on a
preset rule, so that the transmission/reception circuitry of the
controller 130 and the memory device 150 do not have to
store all the parity check matrix (H Matrix). Further, the
parity check matrix (H Matrix) can be easily created based
on a frame size and a code rate. However, 1t might be
difficult to generate a parity check matrix (H Matrix) that
satisfies all frame sizes and code rates due to a limitation 1n
generating a parity check matrix (H Matrix) for a structural
LDPC code. The semi-random LDPC code may randomly
generate a part of the parnity check matrix (H Matrix) and the
other part may be generated based on a preset rule, so that
a large storage space may not be required because the
transmission/reception circuitry of the controller 130 and the
memory device 150 do not have to store the entire parity
check matrix (H Matnix). Example encoding operations
using a low-density parity check (LDPC) code will be
described below 1n detail with reference to FIGS. 5 to 10.

In an embodiment of the disclosed technology, an appa-
ratus and a method can be provided to reduce the amount of
computation associated with the error correction circuitry
188 using the low-density parity check (LDPC) code. The
parity check matrix H Matrix may include a plurality of
matrices. The error correction circuitry 188 can multiply an
input data by a first matrix to generate a first result obtained
by multiplying data by a first matrix, divide a parity into a
first parity group, obtained by multiplying the first result by
a second matrix, and a second parity group, obtained by an
exclusive OR operation of the first result and the first parity
group, based on a plurality of polynomials generated mul-
tiplying the first result by the second matrix. The error
correction circuitry 188 can perform a matrix multiplication
for obtaining the first parity group but perform a logical
operation (e.g., an exclustve OR operation) to obtain the
second parity group. After performing the computation to
obtain the first and second parity groups, the error correction
circuitry 188 can combine the parity, including the first and
second parity groups, with the data to generate a codeword.
The error correction circuitry 188 can transmit the codeword
to the memory device 150.

In some embodiments of the disclosed technology, the
data input to the error correction circuitry 188 may include
what 1s transmitted from an external device, and may also
include data or data packets processed by the randomizer
184 and the Link Cyclic Redundancy Code (LCRC) cir-
cuitry 186. In some implementations, the error correction
circuitry 188 using the low-density parity check (LDPC)
code can calculate K-bit mnput data based on a parity check
matrix (H Matrix) to generate a M-bit parity, and then sums
the K-bit data and the M-bit panity to output a N-Bit
codeword (N=K+M).

Hereinafter, a flash translation layer (FTL) 240 1n the
controller 130 will be described 1n more detail with refer-
ence to FIGS. 3 to 4.

FIGS. 2 and 3 illustrate example configurations that may
be used to implement the disclosed technology by the
memory system 110 based on some embodiments of the
disclosed technology.

Referring to FI1G. 2, the data processing system 100 may
include a host 102 coupled with a memory system, such as
memory system 110. For example, the host 102 and the
memory system 110 can be coupled to each other via a data
bus, a host cable or others to perform data communication.
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The memory system 110 may include a memory device
150 and a controller 130. The memory device 150 and the
controller 130 in the memory system 110 may include
components or elements physically separated from each
other. The memory device 150 and the controller 130 may be
connected via at least one data path. For example, the data
path may include channels and/or ways.

In some embodiments of the disclosed technology, the
memory device 150 and the controller 130 may be compo-
nents or elements that are functionally divided. Further, in
some embodiments of the disclosed technology, the memory
device 150 and the controller 130 may be implemented with
a single chip or a plurality of chips. The controller 130 may
perform a data input/output operation in response to a
request from the external device. For example, when the
controller 130 performs a read operation in response to a
read request from an external device, data stored i1n a
plurality of non-volatile memory cells included in the
memory device 150 1s transferred to the controller 130.

As shown 1n FIG. 1, the memory device 150 may include
a plurality of memory blocks 152, 154, 156. The memory
block 152, 154, 156 may include a group of non-volatile
memory cells 1n which data 1s removed together by a single
erase operation. Although not 1llustrated, the memory block
152, 154, 156 may include a plurality of pages, which 1s a
group ol non-volatile memory cells that store data together
during a single program operation or output data together
during a single read operation. For example, one memory
block may include a plurality of pages.

For example, the memory device 150 may include a
plurality of memory planes or a plurality of memory chip
dies. In some embodiments of the disclosed technology, the
memory plane may include a logical or a physical partition
including at least one memory block, a driving circuit for
controlling an array including a plurality of non-volatile
memory cells, and a bufler that can temporanly store data
inputted to, or outputted from, non-volatile memory cells.

In addition, in some embodiments of the disclosed tech-
nology, the memory chip die may include at least one
memory plane. The memory chip die may mclude a set of
components 1mplemented on a physically distinguishable
substrate. Each memory chip die may be connected to the
controller 130 through a data path (e.g., a channel). Each
memory chip die may include an interface to exchange data
and other signals with the controller 130.

In some embodiments of the disclosed technology, the
memory device 150 may include at least one memory block
152, 154, 156, at least one memory plane, or at least one
memory chip die. For example, each plane can include
plural memory blocks, and each plane can be coupled to a
channel via each way. The internal configuration of the
memory device 150 shown 1n FIG. 1 may vary depending on
the performance of the memory system 110.

Reterring to FIG. 2, the memory device 150 may include
a voltage supply circuit for supplying at least some voltage
into the memory block 152, 154, 156. The voltage supply
circuit may supply a read voltage Vrd, a program voltage
Vprog, a pass voltage Vpass, or an erase voltage Vers to
a non-volatile memory cell included 1n the memory block.
For example, during a read operation for reading data stored
in the non-volatile memory cell included 1n the memory
block 152, 154, 156, the voltage supply circuit may apply
the read voltage Vrd to a selected non-volatile memory cell.
During the program operation for storing data in the non-
volatile memory cell included in the memory block 152,
154, 156, the voltage supply circuit may apply the program
voltage Vprog to a selected non-volatile memory cell. Also,
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during a read operation or a program operation performed on
the selected nonvolatile memory cell, the voltage supply
circuit may apply a pass voltage Vpass to a non-selected
nonvolatile memory cell. During the erasing operation for
erasing data stored in the non-volatile memory cell included
in the memory block 152, 154, 156, the voltage supply
circuit may apply the erase voltage Vers to the memory
block.

The memory device 150 may store information regarding,
various voltages that are applied to the memory block 152,
154, 156 depending on the operations. For example, when a
non-volatile memory cell in the memory block 152, 154, 156
can store multi-bit data, plural levels of the read voltage Vrd
for recognizing or reading the multi-bit data may be
required. The memory device 150 may include a mapping
table including diflerent voltage levels as the read voltage
Vrd. For example, the table can include voltage values
corresponding to the read voltage Vrd to be applied to read
out a certain data bit of the multi-bit data and such voltage
values can be stored in a register. The number of voltage
values for the read voltage Vrd that 1s used for a read
operation may be limited to a preset range. Also, the voltage
values can be quantized.

The host 102 may include a portable electronic device
(c.g., a mobile phone, an MP3 player, a laptop computer,
etc.) or a non-portable electronic device (e.g., a desktop
computer, a game player, a television, a projector, etc.).

The host 102 may also include at least one operating
system (OS) to control functions and operations performed
in the host 102. The OS can provide interoperability between
the host 102 engaged operatively with the memory system
110 and a user who intends to store data in the memory
system 110. The OS may support functions and operations
corresponding to user’s requests. By the way of example but
not limitation, the OS can be classified into a general
operating system and a mobile operating system according
to mobility of the host 102. The general operating system
may be split into a personal operating system and an
enterprise operating system according to system require-
ments or a user environment. As compared with the personal
operating system, the enterprise operating systems can be
specialized for securing and supporting high performance
computing.

The mobile operating system may be subject to support
services or functions for mobility (e.g., a power saving
function). The host 102 may 1nclude a plurality of operating
systems. The host 102 may execute multiple operating
systems 1nterlocked with the memory system 110, corre-
sponding to a user’s request. The host 102 may transmit a
plurality of commands corresponding to the user’s requests
into the memory system 110, thereby performing operations
corresponding to the plurality of commands within the
memory system 110.

A controller 130 in the memory system 110 may control
a memory device 150 1n response to a request or a command
input from the host 102. For example, the controller 130 may
perform a read operation to provide data read from the
memory device 150 to the host 102 and may perform a write
operation (or a program operation) to store data iput from
the host 102 1n the memory device 150. In order to perform
data mput/output (I/O) operations, the controller 130 may
control and manage internal operations of reading data,
programming data, erasing data, or the like.

In some embodiments of the disclosed technology, the
controller 130 may include a host interface 132, a processor
134, error correction circuitry (ECC) 138, a power manage-
ment unit (PMU) 140, a memory interface 142, and a
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memory 144. Components included 1n the controller 130 as
illustrated 1n FIG. 2 may vary according to structures,
functions, operation performance, or the like, regarding the
memory system 110.

For example, the memory system 110 may be imple-
mented with any of various types of storage devices elec-
trically coupled with the host 102, according to a protocol of

a host interface. Examples of suitable storage devices
include a solid state drive (SSD), a multimedia card (MMC),

an embedded MMC (eMMC), a reduced size MMC (RS-
MMC), a micro-MMC, a secure digital (SD) card, a mini-
SD, a micro-SD, a universal serial bus (USB) storage device,
a universal flash storage (UFS) device, a compact flash (CF)
card, a smart media (SM) card, a memory stick, and the like.
Components may be added to or omitted from the controller
130 according to implementation of the memory system 110.

The host 102 and the memory system 110 each may
include a controller or an interface for transmitting and
receiving signals, data, and the like, 1n accordance with one
or more predetermined protocols. For example, the host
interface 132 in the memory system 110 may include an
apparatus capable of transmitting signals, data, and the like
to the host 102 or recerving signals, data, and the like from
the host 102.

The host interface 132 included in the controller 130 may
receive signals, commands (or requests), and/or data input
from the host 102. For example, the host 102 and the
memory system 110 may use a predetermined protocol to
transmit and receive data therebetween. Examples of pro-
tocols or interfaces supported by the host 102 and the
memory system 110 for sending and receiving data include
Universal Serial Bus (USB), Multi-Media Card (MMC),
Parallel Advanced Technology Attachment (PATA), Small
Computer System Interface (SCSI), Enhanced Small Disk
Interface (ESDI), Integrated Drive Electronics (IDE),
Peripheral Component Interconnect Express (PCIE), Seral-
attached SCSI (SAS), Serial Advanced Technology Attach-
ment (SATA), Mobile Industry Processor Intertace (MIPI),
and the like. In some embodiments of the disclosed tech-
nology, the host interface 132 1s a kind of layer for exchang-
ing data with the host 102 and 1s implemented with, or
driven by, firmware called a host interface layer (HIL).

The Integrated Drive Electronics (IDE) or Advanced
Technology Attachment (ATA) may be used as one of the
interfaces for transmitting and receiving data and, for
example, may use a cable including 40 wires connected 1n
parallel to support data transmission and data reception
between the host 102 and the memory system 110. When a
plurality of memory systems 110 are connected to a single
host 102, the plurality of memory systems 110 may be
divided into a master and a slave by using a position or a dip
switch to which the plurality of memory systems 110 are
connected. The memory system 110 set as the master may be
used as a main memory device. The IDE (ATA) may include,
for example, Fast-ATA, ATAPI, or Enhanced IDE (EIDE).

A Serial Advanced Technology Attachment (SATA) inter-
face 1s a kind of serial data communication interface that 1s
compatible with various ATA standards of parallel data
communication interfaces which are used by Integrated
Drive Electronics (IDE) devices. The 40 wires 1n the IDE
interface can be reduced to six wires 1n the SATA interface.
For example, 40 parallel signals for the IDE can be con-
verted into 6 serial signals for the SATA interface. The SATA
interface has been widely used because of 1ts faster data
transmission and reception rate and 1ts less resource con-
sumption 1n the host 102 used for the data transmission and
reception. The SATA interface may connect up to 30 external
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devices to a single transceiver included 1n the host 102. In
addition, the SATA interface can support hot plugging that
allows an external device to be attached to or detached from
the host 102, even while data communication between the
host 102 and another device i1s being executed. Thus, the
memory system 110 can be connected or disconnected as an
additional device, like a device supported by a universal
serial bus (USB) even when the host 102 1s powered on. For
example, 1 the host 102 having an eSATA port, the memory
system 110 may be freely attached to or detached from the
host 102 like an external hard disk.

Small Computer System Interface (SCSI) 1s a kind of
serial data communication interface used for connecting a
computer or a server with other peripheral devices. The
SCSI can provide a high transmission speed, as compared
with other interfaces such as IDE and SATA. In the SCSI, the
host 102 and at least one peripheral device (e.g., memory
system 110) are connected 1n series, but data transmission
and reception between the host 102 and each peripheral
device may be performed through a parallel data commu-
nication. In the SCSI, 1t 1s easy to connect or disconnect a
device such as the memory system 110 to or from the host
102. The SCSI can support connections of 15 other devices
to a single transceiver included 1n host 102.

Serial Attached SCSI (SAS) can include a serial data
communication version of the SCSI. In the SAS, the host
102 and a plurality of peripheral devices are connected 1n
series, and data transmission and reception between the host
102 and each peripheral device may be performed 1n a serial
data communication scheme. The SAS can support connec-
tion between the host 102 and the peripheral device through
a serial cable mstead of a parallel cable, to easily manage
equipment using the SAS and enhance or improve opera-
tional reliability and communication performance. The SAS
may support connections of eight external devices to a single
transceiver included in the host 102.

The Non-volatile memory express (NVMe) 1s a kind of
interface based at least on a Peripheral Component Inter-
connect Express (PCle) designed to increase performance
and design flexibility of the host 102, servers, computing
devices, and the like equipped with the non-volatile memory
system 110. The PCle can use a slot or a specific cable for
connecting a computing device (e.g., host 102) and a periph-
eral device (e.g., memory system 110). For example, the
PCle can use a plurality of pins (e.g., 18 pins, 32 pins, 49
pins, or 82 pins) and at least one wire (e.g., x1, x4, x8, or
x16) to achieve high speed data communication over several
hundred MB per second (e.g., 250 MB/s, 500 MB/s,
084.6250 MB/s, or 1969 MB/s). In some embodiments of
the disclosed technology, the PCle scheme may achieve
bandwidths of tens to hundreds of Giga bits per second. The
NVMe can support an operation speed of the non-volatile
memory system 110, such as an SSD, that 1s faster than a
hard disk.

In some embodiments of the disclosed technology, the
host 102 and the memory system 110 may be connected
through a universal serial bus (USB). The Universal Serial
Bus (USB) 1s a kind of scalable, hot-pluggable plug-and-
play senal interface that can provide cost-eflective standard
connectivity between the host 102 and peripheral devices
such as a keyboard, a mouse, a joystick, a printer, a scanner,
a storage device, a modem, a video camera, and the like. A
plurality of peripheral devices such as the memory system
110 may be coupled to a single transceiver included in the
host 102.

Referring to FI1G. 2, the error correction circuitry 138 can
correct error bits of data read from the memory device 150,
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and may include an error correction code (ECC) encoder and
an ECC decoder. The ECC encoder may perform an error
correction encoding on data to be programmed in the
memory device 150 to generate encoded data by adding one
or more parity bits to the data, and store the encoded data 1n
memory device 150. The ECC decoder can detect and
correct error bits contained 1n the data read from the memory
device 150 when the controller 130 reads the data stored 1n
the memory device 150. For example, after performing the
error correction decoding on the data read from the memory
device 150, the error correction circuitry 138 determines
whether the error correction decoding has succeeded or not,
and outputs an instruction signal (e.g., a correction success
signal or a correction fail signal), based on a result of the
error correction decoding. The error correction circuitry 138
may use one or more parity bits that are generated during the
ECC encoding process for the data stored in the memory
device 150 to correct the error bits of the read data. When the
number of the error bits exceeds the maximum number of
correctable error bits, the error correction circuitry 138 may
not correct the error bits and instead may output the correc-
tion fail signal indicating failure 1n correcting the error bits.

In some embodiments of the disclosed technology, the
error correction circuitry 138 may perform an error correc-

tion operation based on a coded modulation such as a low
density parity check (LDPC) code, a Bose-Chaudhuri-Hoc-

quenghem (BCH) code, a turbo code, a Reed-Solomon (RS)
code, a convolution code, a recursive systematic code
(RSC), a trellis-coded modulation (TCM), a Block coded
modulation (BCM), or the like. The error correction cir-
cuitry 138 may include all circuits, modules, systems, and/or
devices for performing the error correction operation based
on at least one of the above described codes. The error
correction circuitry 138 shown 1n FIG. 2 can include at least
some of components included 1n the controller 130 shown 1n
FIG. 1.

For example, the ECC decoder may perform hard deci-
s1on decoding or soit decision decoding on data transmitted
from the memory device 150. The hard decision decoding
can include one of two methods broadly classified for error
correction. The hard decision decoding may include an
operation of correcting an error bit by reading digital data of
‘O’ or ‘1” from a non-volatile memory cell 1n the memory
device 150. Because the hard decision decoding handles a
binary logic signal, the circuit/algorithm of the ECC
encoder/decoder may have a simpler design or configuration
and a processing speed may be faster than the soit decision
decoding.

The soft decision decoding may quantize a threshold
voltage of a non-volatile memory cell 1n the memory device
150 by two or more quantized values (e.g., multiple bit data,
approximate values, an analog value, and the like) 1n order
to correct an error bit based on the two or more quantized
values. The controller 130 can receive two or more alphabets
or quantized values from a plurality of non-volatile memory
cells 1n the memory device 150, and then perform a decod-
ing based on information generated by characterizing the
quantized values as a combination of information such as
conditional probability or likelihood.

In some embodiments of the disclosed technology, the
ECC decoder may use low-density parity-check and gen-
crator matrix (LDPC-GM) code that may be designed to
perform soft decision decoding. The low-density parity-
check (LDPC) code uses an algorithm that can read values
of data from the memory device 150 1n several bits accord-
ing to reliability, not simply data of 1 or O like the hard
decision decoding, and iteratively repeat it through a mes-
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sage exchange 1n order to improve reliability of the values.
Then, the values are finally determined as data of 1 or O. For
example, a decoding algorithm using LDPC codes can
include probabilistic decoding. The hard decision decoding
in which a value output from a non-volatile memory cell 1s
coded as O or 1. Compared to the hard decision decoding, the
soit decision decoding can determine the value stored in the
non-volatile memory cell based on the stochastic informa-
tion. Regarding bit-tlipping (which may include an error that
can occur in the memory device 1350), the soft decision
decoding may provide improved probability of correcting
the error and recovering data, as well as providing reliability
and stability of corrected data. The LDPC-GM code may
have a scheme in which internal LDGM codes can be
concatenated 1n series with high-speed LDPC codes.

In some embodiments of the disclosed technology, the
ECC decoder may use, for example, low-density parity-
check convolutional codes (LDPC-CCs) for the soft decision
decoding. The LDPC-CCs may have a scheme using a linear
time encoding and a pipeline decoding based on a variable
block length and a shiit register.

In some embodiments of the disclosed technology, the
ECC decoder may use, for example, a Log Likelihood Ratio
Turbo Code (LLR-TC) for the soit decision decoding. A Log
Likelithood Ratio (LLR) may be calculated as a non-linear
function for a distance between a sampled value and an 1deal
value. In addition, a Turbo Code (TC) may include a simple
code (e.g., a Hamming code) 1n two or three dimensions and
repeat decoding 1n a row direction and a column direction to
improve reliability of values.

The power management umt (PMU) 140 may control
clectrical power provided to the controller 130. The PMU
140 may monitor the electrical power supplied to the
memory system 110 (e.g., a voltage supplied to the control-
ler 130) and provide the electrical power to components
included 1n the controller 130 The PMU 140 may not only
detect power-on or power-oil, but also generate a trigger
signal to enable the memory system 110 to back up a current
state urgently when the electrical power supplied to the
memory system 110 1s unstable. In some embodiments of the
disclosed technology, the PMU 140 may include a device or
a component capable of accumulating electrical power that
may be used 1n an emergency.

The memory interface 142 may serve as an interface for
handling commands and data transferred between the con-
troller 130 and the memory device 150, 1n order to allow the
controller 130 to control the memory device 150 1n response
to a command or a request from the host 102. The memory
interface 142 may generate a control signal for the memory
device 150 and may process data input to, or output from,
the memory device 150 under the control of the processor
134 in a case when the memory device 150 1s a flash
memory.

For example, when the memory device 150 includes a
NAND flash memory, the memory interface 142 includes a
NAND flash controller (NFC). The memory interface 142
can provide an interface for handling commands and data
between the controller 130 and the memory device 150. In
accordance with an embodiment, the memory interface 142
can be implemented through, or driven by, firmware called
a Flash Interface Layer (FIL) for exchanging data with the
memory device 150.

In some embodiments of the disclosed technology, the
memory interface 142 may support an open NAND flash
interface (ONF1), a toggle mode, or the like, for data
input/output with the memory device 150. For example, the
ONF1 may use a data path (e.g., a channel, a way, etc.) that
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includes at least one signal line that supports bi-directional
transmission and reception 1n a unit of 8-bit or 16-bit data.
Data communication between the controller 130 and the
memory device 150 can be achieved through at least one
interface regarding an asynchronous single data rate (SDR),
a synchronous double data rate (DDR), a toggle double data
rate (DDR), or others.

The memory 144 may be used as a working memory of
the memory system 110 or the controller 130, while tem-
porarily storing transactional data of operations performed
in the memory system 110 and the controller 130. For
example, the memory 144 may temporarily store read data
output from the memory device 150 1n response to a read
request from the host 102 before the read data 1s output to
the host 102. In addition, the controller 130 may temporarily
store write data input from the host 102 1n the memory 144
before programming the write data in the memory device
150. When the controller 130 controls operations, such as a
data read operation, a data write or program operation, a data
erase operation of the memory device 150, data transmaitted
between the controller 130 and the memory device 150 of
the memory system 110 may be temporanly stored in the
memory 144.

In addition to the read data or write data, the memory 144
may store mnformation (e.g., map data, read requests, pro-
gram requests, etc.) used for mputting or outputting data
between the host 102 and the memory device 150. In some
embodiments of the disclosed technology, the memory 144
may include one or more command queues, a program
memory, a data memory, a write bufler/cache, a read butler/
cache, a data bufler/cache, a map bufler/cache, and so on.
The controller 130 may allocate some storage space 1n the
memory 144 for a component which 1s established to carry
out a data input/output operation. For example, the write
bufler established in the memory 144 may be used to
temporarily store target data subject to a program operation.

In an embodiment, the memory 144 may be implemented
with a volatile memory. For example, the memory 144 may
be mmplemented with a static random access memory
(SRAM), a dynamic random access memory (DRAM), or
both. Although FIG. 2 illustrates the memory 144 as dis-
posed within the controller 130, the memory 144 may be
disposed outside the controller 130. For instance, the
memory 144 may be embodied by an external volatile
memory having a memory interface transierring data and/or
signals between the memory 144 and the controller 130.

The processor 134 may control the overall operations of
the memory system 110. For example, the processor 134 can
control a program operation or a read operation of the
memory device 150 1n response to a write request or a read
request entered from the host 102. In some embodiments of
the disclosed technology, the processor 134 may execute
firmware to control the program operation or the read
operation 1n the memory system 110. Herein, the firmware
may be referred to as a flash translation layer (FTL). An
example of the FTL will be described 1n detail, referring to
FIGS. 3 and 4. In some embodiments of the disclosed
technology, the processor 134 may be implemented with a
microprocessor, a central processing unit (CPU), or the like.

In some embodiments of the disclosed technology, the
memory system 110 may be implemented with at least one
multi-core processor. The multi-core processor 1s a kind of
circuit or chip 1n which two or more cores, which are
considered distinct processing regions, are integrated. For
example, when a plurality of cores 1n the multi-core pro-
cessor drive or execute a plurality of flash translation layers
(FTLs) independently, a data input/output speed (or perfor-
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mance) of the memory system 110 may be improved. Based
on some embodiments of the disclosed technology, the data
input/output (I/0) operations 1n the memory system 110 may
be independently performed through different cores in the
multi-core processor.

The processor 134 1n the controller 130 may perform an
operation corresponding to a request or a command 1nput
from the host 102. Further, the memory system 110 may
perform an operation independent from a command or a
request from the host 102. In one case, an operation per-
tormed by the controller 130 in response to the request or the
command input from the host 102 may include a foreground
operation, while an operation performed by the controller
130 independently from the request or the command input
from the host 102 may include a background operation. The
controller 130 can perform foreground or background opera-
tions for reading, writing, or erasing data in the memory
device 150. In addition, a parameter set operation corre-
sponding to a set parameter command or a set feature
command as a set command transmitted from the host 102
may include a foreground operation. As a background opera-
tion that 1s performed without a command transmitted from
the host 102, the controller 130 can perform garbage col-
lection (GC), wear leveling (WL), bad block management
for 1dentitying and processing bad blocks, or others.

In some embodiments, substantially similar operations
may be performed as both the foreground operation and the
background operation. For example, when the memory
system 110 performs garbage collection 1n response to a
request or a command 1nput from the host 102 (e.g., Manual
GC), the garbage collection can include a foreground opera-
tion. When the memory system 110 performs garbage col-
lection independently of the host 102 (e.g., Auto GC), the
garbage collection can include a background operation.

When the memory device 150 includes a plurality of
semiconductor chip dies each including a plurality of non-
volatile memory cells, the controller 130 may perform a
parallel processing regarding plural requests or commands
input from the host 102 1n order to improve performance of
the memory system 110. For example, the transmitted
requests or commands may be divided into plural groups
including at least some of a plurality of planes, a plurality of
dies, or a plurality of chips included in the memory device
150, and the plural groups of requests or commands are
processed individually or 1n parallel in each plane, each die
or each chip.

The memory interface 142 in the controller 130 may be
connected to the plurality of dies or chips in the memory
device 150 through at least one channel and at least one way.
When the controller 130 distributes and stores data 1n the
plurality of dies through each channel or each way in
response to requests or commands associated with a plural-
ity of pages including non-volatile memory cells, a plurality
of operations corresponding to the requests or the commands
can be performed simultaneously or 1n parallel with respect
to the plurality of dies or planes. Such a processing method
or scheme can include an interleaving method. Because a
data input/output speed of the memory system 110 increases
by operating with the interleaving method, data I/O perfor-
mance of the memory system 110 can be improved.

By the way of example but not limitation, the controller
130 can recognize statuses of a plurality of channels (or
ways) associated with the plurality of dies included 1n the
memory device 150. The controller 130 may determine a
status of each channel or each way as one of a busy status,
a ready status, an active status, an 1dle status, a normal
status, and an abnormal status. The determination of which
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channel or way an instruction (and/or a data) 1s delivered
through by the controller can be associated with a physical
block address. The controller 130 may 1nclude descriptors
delivered from the memory device 150. The descriptors may
include a block or page of parameters describing something
about the memory device 150. The descriptors can have a
predetermined format or structure. For instance, the descrip-
tors may include device descriptors, configuration descrip-
tors, umt descriptors, and the like. The controller 130 may
use the descriptors to determine which channel(s) 1s used to
exchange an instruction or data.

Referring to FIG. 2, the memory device 150 in the
memory system 110 may include a plurality of memory
blocks 152, 154, 156. Each of the plurality of memory
blocks 152, 154, 156 includes a plurality of non-volatile
memory cells. Based on some embodiments of the disclosed
technology, the memory block 152, 154, 156 can be a group
ol non-volatile memory cells erased together. The memory
block 152, 154, 156 may include a plurality of pages each of
which includes a group of non-volatile memory cells read or
programmed together.

In one embodiment, each memory block 152, 154, or 156
may have a three-dimensional stack structure. Further, the
memory device 150 may include a plurality of dies, each die
including a plurality of planes, each plane including the
plurality of memory blocks 152, 154, 156. The configuration
of the memory device 150 may vary depending on the
required performance of the memory system 110.

FIG. 2 1llustrates the memory device 150 that includes the
plurality of memory blocks 152, 154, and 156. The plurality
of memory blocks 152, 154, and 156 may be any of
single-level cell (SLC) memory blocks, multi-level cell
(MLC) memory blocks, or the like, according to the number
of bits that can be stored in one memory cell. An SLC
memory block includes a plurality of pages implemented by
memory cells, each memory cell storing one bit of data. An
SLC memory block may have higher data I/O operation
performance and higher durability than the MLC memory
block. The MLC memory block includes a plurality of pages
implemented by memory cells, each memory cell storing
multi-bit data (e.g., two or more bits of data). The MLC
memory block may have larger storage capacity for the same
space compared to the SLC memory block. The MLC
memory block can be highly integrated 1n a view of storage
capacity.

In an embodiment, the memory device 150 may be
implemented with MLC memory blocks such as a double
level cell (DLC) memory block, a triple-level cell (TLC)
memory block, a quadruple-level cell (QLC) memory block,
and a combination thereof. The DLC memory block may
include a plurality of pages implemented by memory cells,
cach memory cell capable of storing 2-bit data. The TLC
memory block can include a plurality of pages implemented
by memory cells, each memory cell capable of storing 3-bit
data. The QLC memory block can include a plurality of
pages implemented by memory cells, each memory cell
capable of storing 4-bit data. In another embodiment, the
memory device 150 can be implemented with a block
including a plurality of pages implemented by memory cells,
cach memory cell capable of storing five or more bits of
data.

In some embodiments of the disclosed technology, the
controller 130 may use an MLC memory block included 1n
the memory device 150 as an SLC memory block that stores
one-bit data per memory cell. A data input/output speed of
the multi-level cell (MLC) memory block can be slower than
that of the SLC memory block. That 1s, when the MLC
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memory block 1s used as the SLC memory block, a margin
for a read or program operation can be reduced. For
example, the controller 130 may perform a data input/output
operation with a higher speed when the MLC memory block
1s used as the SLC memory block. Thus, the controller 130
may use the MLC memory block as a SLC bufler to
temporarily store data because the bufler may require a high
data input/output speed.

Further, in some embodiments of the disclosed technol-
ogy, the controller 130 can program data in an MLC a
plurality of times without performing an erase operation on
a specific MLC memory block included in the memory
device 150. In general, non-volatile memory cells do not
support data overwrite. However, the controller 130 may
program 1-bit data in the MLC multiple times using a feature
in which the MLC 1s capable of storing multi-bit data. For
an MLC overwrite operation, the controller 130 may store
the number of 1iterations of program operations as separate
operation information when 1-bit data 1s programmed 1n an
MLC. In some embodiments of the disclosed technology,
threshold voltages of the MLCs may be distributed evenly
before other 1-bit data can be programmed in the same
MLCs.

In an embodiment, the memory device 150 include a
non-volatile memory such as a flash memory, for example,
a NAND flash memory or a NOR flash memory. In another
embodiment, the memory device 150 may include at least
one of a phase-change random access memory (PCRAM), a
terroelectrics random access memory (FRAM), a transier
torque random access memory (STT-RAM), and a spin
transfer torque magnetic random access memory (STT-
MRAM), or others.

Referring to FIG. 3, the controller 130 in a memory
system operates along with the host 102 and the memory
device 150. As 1llustrated, the controller 130 includes the
host interface 132, a tlash translation layer (FTL) 240, the
memory interface 142, and the memory 144.

In some embodiments of the disclosed technology, the
error correction circuitry 138 illustrated 1n FIG. 2 may be
included 1n the flash translation layer (FTL) 240. In another
embodiment, the error correction circuitry 138 may include
a separate module, a circuit, firmware, or others that is
included in or associated with the controller 130.

The host interface 132 may handle commands, data, and
other signals transmitted from the host 102. By way of
example but not limitation, the host interface 132 may
include a command queue 56, a buller manager 52, and an
event queue 34. The command queue 56 may sequentially
store the commands, the data, and the like received from the
host 102, and output them to the bufller manager 32, for
example, 1 an order i which they are stored in the
command queue 56. The bufler manager 52 may classity,
manage, or adjust the commands, the data, and the like
received from the command queue 56. The event queue 54
may sequentially transmit events for processing the com-
mands, the data, and the like received from the bufler
manager 52.

A plurality of commands or data of the same characteristic
may be transmitted from the host 102, or a plurality of
commands and data of different characten stics may be
transmitted to the memory system 110 after being mixed or
jumbled by the host 102. For example, a plurality of com-
mands for reading data, 1.e., read commands, may be deliv-
ered, or commands for reading data, 1.e., a read command,
and a command for programming/writing data, 1.e., a write
command, may be alternately transmitted to the memory
system 110. The host interface 132 may sequentially store
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commands, data, and other signals that are transmitted from
the host 102, in the command queue 56. Thereatfter, the host
interface 132 may estimate or predict what kind of internal
operations the controller 130 will perform according to the
characteristics of the commands, the data, and the like,
which have been transmitted from the host 102. The host
interface 132 may determine a processing order and a
priority of commands, data and other signals based on their
characteristics.

Based on the characteristics of the commands and the data
transmitted from the host 102, the buller manager 52 1n the
host interface 132 1s configured to determine whether the
bufler manager 52 should store the commands and the data
in the memory 144, or whether the bufler manager 52 should
deliver the commands and the data to the flash translation
layer (FTL) 240. The event queue 54 receives events,
transmitted from the bufler manager 52, which are to be
internally executed and processed by the memory system
110 or the controller 130 1n response to the commands, the
data, and the like, and delivers the events to the flash
translation layer (FIL) 240 in the order of the events
inputting to the event queue 54.

In an embodiment, the flash translation layer (FTL) 240
illustrated 1n FIG. 3 may implement a multi-thread scheme
to perform data input/output (I/0) operations. A multi-thread
FTL may be implemented through a multi-core processor
using multi-thread included 1n the controller 130.

In an embodiment, the flash translation layer (F'TL) 240
may include a host request manager (HRM) 46, a map
manager (MM) 44, a state manager 42, and a block manager
48. The host request manager (HRM) 46 may manage the
cvents transmitted from the event queue 54. The map
manager (MM) 44 may handle or control map data. The state
manager 42 may perform garbage collection (GC) or wear
leveling (WL). The block manager 48 may execute com-
mands or instructions onto a block in the memory device
150.

By way of example but not limitation, the host request
manager (HRM) 46 may use the map manager (MM) 44 and
the block manager 48 to handle or process requests accord-
ing to read and program commands and events which are
delivered from the host iterface 132. The host request
manager (HRM) 46 may send an inquiry request to the map
manager (MM) 44 to determine a physical address corre-
sponding to a logical address which 1s entered with the
events. The host request manager (HRM) 46 may send a read
request with the physical address to the memory interface
142 to process the read request, 1.¢., handle the events. In one
embodiment, the host request manager (HRM) 46 may send
a program request (or a write request) to the block manager
48 to program data to a specific empty page storing no data
in the memory device 150, and then may transmit a map
update request corresponding to the program request to the
map manager (MM) 44 1 order to update an item relevant
to the programmed data in information of mapping the
logical and physical addresses to each other.

The block manager 48 may convert a program request
delivered from the host request manager (HRM) 46, the map
manager (MM) 44, and/or the state manager 42 into a flash
program request used for the memory device 150, 1n order
to manage flash blocks 1n the memory device 150. In order
to maximize or enhance program or write performance of
the memory system 110, the block manager 48 may collect
program requests and send flash program requests for mul-
tiple-plane and one-shot program operations to the memory
interface 142. In an embodiment, the block manager 48
sends several flash program requests to the memory inter-
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face 142 to enhance or maximize parallel processing of a
multi-channel and multi-directional flash controller.

In one embodiment, the block manager 48 may manage
blocks 1n the memory device 150 according to the number
of valid pages, select and erase blocks having no valid pages
when a free block 1s needed, and select a block including the
least number of valid pages when it 1s determined that
garbage collection 1s to be performed. The state manager 42
may perform garbage collection to move valid data stored in
the selected to an empty block and erase data stored in the
selected block so that the memory device 150 may have
enough free blocks (1.e., empty blocks with no data). When
the block manager 48 provides information regarding a
block to be erased to the state manager 42, the state manager
42 may check all flash pages of the block to be erased to
determine whether each page of the block 1s valid.

For example, to determine validity of each page, the state
manager 42 may identily a logical address recorded 1n an
out-of-band (OOB) area of each page. To determine whether
cach page 1s valid, the state manager 42 may compare a
physical address of the page with a physical address mapped
to a logical address obtained from an inquiry request. The
state manager 42 sends a program request to the block
manager 48 for each valid page. A map table may be updated
by the map manager 44 when a program operation 1s
complete.

The map manager 44 may manage map data, e.g., a
logical-physical map table. The map manager 44 may pro-
cess various requests, for example, queries, updates, and the
like, which are generated by the host request manager
(HRM) 46 or the state manager 42. The map manager 44
may store the entire map table 1n the memory device 150
(c.g., a flash/non-volatile memory) and cache mapping
entries according to the storage capacity of the memory 144.
When a map cache miss occurs while processing inquiry or
update requests, the map manager 44 may send a read
request to the memory interface 142 to load a relevant map
table stored 1n the memory device 150. When the number of
dirty cache blocks 1n the map manager 44 exceeds a certain
threshold value, a program request may be sent to the block
manager 48, so that a clean cache block 1s made and a dirty
map table may be stored in the memory device 150.

When garbage collection 1s performed, the state manager
42 copies valid page(s) mto a free block, and the host request
manager (HRM) 46 may program the latest version of the
data for the same logical address of the page and currently
1ssue an update request. When the state manager 42 requests
the map update 1n a state in which the copying of the valid
page(s) 1s not completed normally, the map manager 44
might not perform the map table update. This 1s because the
map request 1s 1ssued with old physical information when
the state manger 42 requests a map update and a valid page
copy 1s completed later. The map manager 44 may perform
a map update operation to ensure accuracy when, or only 1f,
the latest map table still points to the old physical address.

FIG. 4 1llustrates an example configuration of the con-

troller shown in FIGS. 1 to 3.

Referring to FIG. 4, the flash translation layer (FTL) 240
in the controller 130 can be divided into three layers: an
address translation layer ATL; a virtual flash layer VFL; and
a flash Interface Layer FIL.

For example, the address translation layer ATL may
convert a logical address LA transmitted from a file system
into a logical page address. The address translation layer
ATL can perform an address translation process regarding a
logical address space. That 1s, the address translation layer
ATL can perform an address translation process based on
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mapping imnformation to which the logical page address LPA
of the flash memory 140 1s mapped to the logical address LA
transmitted from the host. Such logical-to-logical address
mapping information (hereinafter referred to as L2L map-
ping) may be stored in an area in which metadata is stored
in the memory device 150.

The virtual flash layer VFL may convert the logical page

address LPA, which 1s mapped by the address translation
layer ATL, into a virtual page address VPA. Here, the virtual
page address VPA may correspond to a physical address of
a virtual memory device. That 1s, the virtual page address
VPA may correspond to the memory block 60 in the memory
device 150. If there 1s a bad block among the memory blocks
60 1n the memory device 1350, the bad block may be
excluded by the virtual flash layer VFL. In addition, the
virtual tlash layer VFL can include a recovery algorithm for
scanning a scan area to restore the logical-to-virtual address
mapping information (L2V mapping) stored in the memory
device 150 and mapping information in the data region for
storing user data. The recovery algorithm can be capable of
recovering the logical-to-virtual address mapping informa-
tion (L2V mapping). The wvirtual flash layer VFL may
perform an address conversion process regarding the virtual
address space, based on the logical-to-virtual address map-
ping mformation (L2V mapping) restored through such the
recovery algorithm.
The ftlash interface layer FIL can convert a virtual page
address of the virtual flash layer VFL into a physical page
address of the memory device 150. The flash interface layer
FIL performs a low-level operation for interfacing with the
memory device 150. For example, the flash interface layer
FIL can include a low-level driver for controlling hardware
of the memory device 150, an error correction code (ECC)
for checking and correcting an error 1n data transmitted from
the memory device 150, and a module for performing
operations such as Bad Block Management (BBM).

FIG. 35 illustrates an example of an encoding apparatus
that generates a low-density parity check (LDPC) code.

Referring to FIG. 5, the encoding apparatus can encode
K-bit data (u) into an N-bit codeword (C) based on a
low-density parity check (LDPC) code. In this case, it 1s
assumed that the codeword (C) has N baits, the input data (u)
has K bits, and the generated parity has M bits. This 1s shown
in Equation 1 described below.

C=uGM (Equation 1)

Herein, GM 1s a generator matrix of MxN size. A parity
check matrix (H Matrix) 1s a binary matrix of KxN size. GM
may satisty Equation 2 below.

GMH™=0 (Equation 2)

A column of the parity check matrix (H Matrix) can be
associated with a bit of the codeword, and each row may
correspond to a parity check. An ‘1’ included 1n each row
indicates that the corresponding bit contributes to the parity
check. The LDPC code can be divided into a regular code
and an 1wrregular code according to characteristics of the
parity check matrix (H Matrix). The LDPC code can be
regular when all rows have the same number of ‘1’ and all
columns have the same number of ‘1°. Otherwise, the LDPC
code can be 1rregular. Specifically, the LDPC code can be
expressed as a Tanner graph, which 1s an equivalent bipartite
graph. The Tanner graph 1s a graph in which a parity check
matrix (H Matrix) 1s used as an incidence matrix. Each
column of the parity check matrix (H Matrix) 1s a variable
node, and each row 1s a check node. Each ‘1’ of the parity
check matrix (H Matrix) can indicate an edge connecting
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one variable node and one check node. The number of edges
connected to a node 1s called a degree of that node. When all
the variable nodes have the same degree and all check nodes
have the same degree, the LDPC code 1s called a regular
LDPC code. Otherwise, the LDPC code can be referred to as
an 1rregular LDPC code.

The panty check matrix (H Matrix) can include two
matrices: a first partial matrix H, corresponding to a parity
b1t and a second partial matrix H, corresponding to a data
s1ze, as shown 1n following Equation 3.

H=[H H,] (Equation 3)

That 1s, the panty check matrix (H Matrix) may include
an (MxK) partial matrix H, and a (KxK) partial matrix H,.
Herein, the (MxK) partial matrix H, 1s a sparse matrx
having a low density, but the (KxK) partial matrix H, might
not be a sparse matrix. Based on some embodiments of the
disclosed technology, the (KxK) partial matrix H, may have
an (M-1) degree 1n two columns and a final degree 1n one
column. Referring to the Equations 1 to 3, the generator
matrix GM may be defined as 1n following Equation 4.

GM=[uH ‘H5™] (Equation 4)

The codeword (C) output from the encoding apparatus
described 1 FIG. 5 1s a sum of the input data (u) and the

parity (p).

C=u+p (Equation 5)

In an encoding operation using the LDPC code, an
encoding calculation regarding the input data (u) among the
codeword (C) might be not performed 1n order to reduce an
amount ol computation and reduce the complexity, but an
encoding calculation for determining the parity (p) would be
performed. Accordingly, referring to Equations 1 and 4, an
operation for each of the parity (p) can be defined as 1n
tollowing Equations 6 to 8.

[up]*[H  H5|=uH *+pH,'=0 (Equation 6)

uH "=pH’ (Equation 7)

p=[uH 'H5™] (Equation 8)

Referring to FIG. 5, the encoding apparatus can perform
computation for determining the parity (p) based on the low
density parity check code (LDPC code). Specifically, the
encoding apparatus generates a first result (x) by multiplying
the put data (u: nformation) by a first matrix (H1'")
(operation 532), and then multiplying the first result (x) by
a second matrix (G) to determine party (p: parity) (opera-
tion 334). The encoding apparatus can include a first calcu-
lator 512 configured to multiply the input data (u: informa-
tion) by the first matrix H1' and a second calculator 514
configured to multiply the first result (x) by the second
matrix (G). Accordingly, the second matrix G described in
FIG. 5 may be H,™.

The first matrix H, described 1in FIG. 5 1s a sparse matrix
having a low density, but the second matrix G can be denser
than the first matrix H,, so that a lot of resources used to
perform matrix multiplication 1n the memory system 110 can
be consumed. Based on some embodiments of the disclosed
technology, the number of calculations 1n a matrix multipli-
cation using the second matrix G may have a characteristic
proportional to a square of a parity length.

FI1G. 6 1llustrates an example of a first matrix and a second
matrix used in FIG. 3.

Referring to FIG. 6, the first matrix (H1') may have a
(MxK) size. Herein, K 1s the number of bits of an input data
(u), and M 1s the number of bits of a parity. The second
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matrix (G matrix) may have a (KxK) size. The codeword C,
which 1s the sum of the data and the parity, may have a
length of N bits. When non-volatile memory cells included
in the memory device 150 are TLCs capable of storing 3-bit
data, the second matrix (G matrix) may have a (TLC_B
#xTLC_B #) size. When the non-volatile memory cells
included i the memory device 150 are QLCs capable of
storing 4-bit data, the second matrix (G matrix) may have a
(QLC_B #xQLC_B #) size. When the non-volatile memory
cells 1n the memory device 150 are TLC or QLC, the parity
can set equally to have a length of 128 baits.

An encoding apparatus, using the LDPC code, included 1n
the memory system 110 can include a first matrix (H1') and
a second matrix (G matrix) which have diflerent sizes
according to a size of data transmitted by the controller 130
to the memory device 150. An example of data transmitted
from the controller 130 to the memory device 1350 1s
program data (data to be written to the memory device)
transmitted during a program operation.

The memory system 110 may set various program opera-
tions. Basically, when a page 1s set as the smallest unit for
the program operation, the controller 130 may transmit data
having a size corresponding to a page size to the memory
device 150. Also, depending on whether the memory device
150 1includes a decoding apparatus corresponding to the
encoding apparatus included in the controller 130, the size
of data transmitted by the controller 130 to the memory
device 150 may be changed.

For example, 1t 1s assumed that the number of non-volatile
memory cells connected to a single word line 1n the memory
device 150 1s 200. 150 non-volatile memory cells among
200 non-volatile memory cells can be allocated as a data
region for storing data, and 350 non-volatile memory cells
can be left with a spare region. Based on some embodiments
of the disclosed technology, the size of data that can be
transierred for a single program operation can be determined
according to the number of non-volatile memory cells
allocated as the data region and the number of bits of data
that can be stored in each non-volatile memory cell. The
controller 130 may transmit an amount of data that can be
transmitted for the program operation to the memory system
150 1n a single data transmission.

In addition, when 3 bits, 4 bits or more bit data can be
stored 1n a non-volatile memory cell, the controller 150 may
transier a data item stored 1n each memory cell on a bit basis.
For example, the controller 130 can transmuit a first data 1tem
corresponding to the most significant bit (MSB) of 150
non-volatile memory cells to the memory device 150, trans-
mit a second data item corresponding to the most significant
bit (MSB) of the 130 non-volatile memory cells to the
memory device 150, and then transmit a third data item
corresponding to the least significant bit (LSB) of the 150
non-volatile memory cells to the memory device 150,
sequentially.

The codeword output from the encoding apparatus using
a low-density parity check (LDPC) code can include the data
(u) and the parity (p). Based on some embodiments of the
disclosed technology, both the data (u) and the parity (p) can
be stored 1n the data region of each page in the memory
device 150, or the data (u) and the parity (p) can be
individually stored 1n the data region and the spare region of
cach page 1n the memory device 150.

As above described, according to how the controller 130
performs a program operation and how the memory device
150 stores data and a parity, a length of the codeword output
from the encoding apparatus using the LDPC code can be
differently set. Further, according to a size of the data mput
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to the encoding apparatus or the number of bits of the parity
or the codeword output from the encoding apparatus, sizes
of the first matrix (H1") and the second matrix (G matrix)
used by the encoding apparatus may vary.

FIG. 7 illustrates an example of an encoding apparatus
and method based on some embodiments of the disclosed

technology.

Referring to FIG. 7, an encoding operation for determin-
ing a parity associated with input data (u) may be performed
in two different methods. One of the two methods 1s to
perform matrix multiplication, and the other 1s to perform an
exclusive OR (XOR) operation, which 1s a kind of logical
operation. Specifically, 1n the encoding operation, a first
result (x) can be obtained by multiplying the mput data (u,
information) by the first matrix (H1') (operation 632). The
parity (p) can be divided into a first parity group P,, obtained
by multiplying the first result (x) by a second matrix (G, ),
and a second parity group P, obtained by an exclusive OR
operation of the first result (x) and the first panty group P,
based on a plurality of polynomials generated multiplying
the first result (x) by the second matrix (G, ). The encoding
operation can include matrix multiplication performed on
the first parity group P, (operation 634), and a logical
operation on the second parity group P, using the first parity
group P, (operation 636). An encoding apparatus in the
controller 130 can determine the parity (p) for the input data
(u) by performing computation for both the first parity group
P, and the second parity group P, and then summing the
data (u) and the parity (p) to generate the codeword (C). The
codeword (C) may be output to the memory device 150.

The encoding apparatus in the controller 130 can perform
a calculation on each bit of the parity (p) 1n an arbitrary
order. In an embodiment, the encoding apparatus may
change a calculation sequence to generate each bit of the
parity (p), which corresponds to each of the plurality of
polynomials, in order to reduce the number of parity bits
included 1n the first parity group P,. The change of the
calculation sequence will be described in detail with refer-
ence to FIGS. 9 and 10 below.

In addition, the encoding apparatus in the controller 130
may use some parity bit which has been determined among
the first parity group P, or the second panty group P, to
perform an exclusive OR (XOR) operation in following
operations according to the calculation sequence corre-
sponding to the plurality of polynomials. An operation for
determining each parity bit included 1n the first parity group
P, or the second parity group P, will be described 1n detail
with reference to FIGS. 9 and 10 below.

Specifically, the encoding apparatus 1n the controller 130
can include a first calculator 612 configured to multiply the
input data (u) and the first matrix (H1'") to output the first
result (x), a first selector configured to divide the panty (p)
into the first parity group P, and the second parity group P,
a second calculator 614 configured to multiply the first result
(X) by the second matrix (G;) to determine a parity bit
included in the first parity group P,, a second selector
configured to selectively transmits an output of the second
calculator 614 for the exclusive OR (XOR) operation, deter-
mination circuitry 618 configured to sequentially group
parity bits included in the first and second parity groups P,,
P,, and feedback at least one parity for the exclusive OR
(XOR) operation, and a third calculator 616 configured to
perform the exclusive OR (XOR) operation of the first result
(x) and parity bits outputted from the second selector and the
determination circuitry 618 to obtain a parity included 1n the
second parity group Py.
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FIG. 8 illustrates a flow chart of an encoding method
based on some embodiments of the disclosed technology.

Referring to FIG. 8, the encoding method includes 1ni-
tializing a transmitted parity list (P list), a first parity group
list (P, list), and a second parity group list (P, list) trans-
mitted from the controller 130 to the memory device 1350
(operation 712). The transmitted parnty list (P, list) may
include M number of parity bits (0 to m-1,1.e., P,to P__,)
which are determined by computation or calculations.

The controller 130 selects a row H_ having the lowest
degree from the second matrix H,. The controller 130
generates a first parity list (P list) associated with the row
H_. In addition, the controller 130 can add a parity bit which
1s duplicated 1n the first parity list (P list) and the transmit-
ted panty list (P list) to a second parity list (P list). The
controller 130 may set the number of parity bits included 1n
the second parity list (P list) to ‘“N.” Herein, ‘N’ may denote
the number of parity bits that are not already determined
among parity bits used for an operation to determine another
specific parity bit.

The controller 130 may check whether ‘N’ 1s greater than
0 (operation 716). ITf ‘NI’ 1s 0 (No 1n operation 716), the
controller 130 may delete a selected row H_ from the second
matrix H, (operation 726). The controller 130 may check
whether the transmitted parity list (P list) 1s empty (opera-
tion 732). If the transmitted parity list (P list) 1s empty (Yes
in operation 732), the controller 130 may finish the encoding
operation (operation 734). If the transmitted parity list (P
list) 1s not empty (No 1n operation 732), the controller 130
may select another row H_having the lowest degree from the
remaining second matrix H, (operation 714). In some
embodiments of the disclosed technology, a plurality ol rows
H_ of the second matrix H, may correspond to the plurality
of polynomials described 1n FIGS. 9 and 10.

If ‘N’ 1s not O (Yes 1n operation 716), the controller 130
may check whether ‘N’ 1s greater than ‘1’ (operation 718).
If “N”’1s greater than °1” (Yes 1n operation 718), the controller
130 should perform matrix multiplication. The controller
130 excludes one from the second parity list (P list) and
includes the remaining parity bits in the first parity group list
(P, list), and the excluded parity bit can be included 1n the
second parity group list (P, list) (operation 722). The con-
troller 130 may not perform matrix multiplication on the N
number of parity bits, and may perform the exclusive OR
(XOR) operation one parity bit.

If °N”1s 1 (No 1n operation 718), the controller 130 does
not need to perform matrix multiplication. The controller
130 may add a parity bit included 1n the second parity list
(P list) 1n the second parity group list (P, list).

As above described, after the controller 130 divides the
parity bits into the first parity group list (P, list) and the
second parity group list (P, list), the controller 130 can
delete a parity of the second parity list (P list) from the
transmitted parity list (P list) (728). Because parity bits are
divided 1nto the first parity group list (P, list) and the second
parity group list (P, list), at least some corresponding parity
bit can be deleted from the transmitted parity list (P list) to
reduce the number of calculation or an amount of compu-
tation for determining parity bits additionally (operation
728).

Thereatter, the controller 130 may check whether the
transmitted parity list (P list) 1s empty (operation 732). It
the transmitted parity list (P list) 1s empty (Yes in operation
732), the controller 130 may terminate the encoding opera-
tion (operation 734). If the transmitted parity list (P list) 1s
not empty (No in the operation 732), the controller 130 may
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select another row H_ having the lowest degree from the
remaining second matrix H, (operation 714).

Referring to FIGS. 7 and 8, 1n a process of calculating and
determining the parity transmitted to the memory device 150
by the controller 130, the above-described encoding opera-
tion can provide an example of dividing parity bits into the
first parity group P, in which a parity bit 1s obtained by
multiplying the first result (x) by the second matrix (G; ) and
the second parity group P, in which a parity bit 1s obtained
by performing the exclusive OR (XOR) operation of the first
result (x) and the first parity group P;. In some embodiments
of the disclosed technology, this operation may be per-
tormed by the first selector which can be capable of dividing
parity bits into the first parity group P, and the second parity
group P, in the encoding apparatus. In another embodiment,
another device or module can perform an operation to
classily the above-described parity bits into the first parity
group P, and the second parity group P, in the controller
130, and then the encoding apparatus described in FIG. 7 can
control an operation to sequentially calculate parity bits
included 1n the first parity group P, and the second parity
group P.

FIG. 9 illustrates calculations of a low density parity
check (LDPC) code based on some embodiments of the
disclosed technology. FIG. 9 show how to determine a parity
through the encoding operation described in FIG. 7.

Referring to FI1G. 9, 1t 1s assumed that an imput data (u) has
M bits (M=10), and the equation 6 1s applicable to the input
data (u). In addition, referring to FIGS. 7 and 9, the first
result (X,, X;, . . . , Xa.,) Can be obtained through the
operation 632 of multiplying the first matrix H; and the input
data (u). 10 parity bits or parity bits (pg, Pys - - - » Pasy) Can
be obtained through matrix multiplication (operation 634)
and the exclusive OR (XOR) operation (operation 636). An
example of the second matrix H, 1s shown 1n FIG. 9.

First, when multiplication 1s performed on the second
matrix H,, ten polynomials for ten first results (X,
X, ..., X, ) can be calculated. When a regular LDPC code
1s used, each of the 10 polynomials can include the same
number of varniables (e.g., 4 variables). When the {irst result
(X5, X, - . . » Xa3r,) 15 calculated and then 10 parity bits (p,,
Pis - - - » Pasy) are determined through matrix multiplication,
the amount of computation may increase. Herein, 10 poly-
nomials can be sequentially calculated.

In a first polynomial, three parity bits (p,, ps, ps) €xclud-
ing the first result (X,) have not yet been determined. The
controller 130 may perform matrix multiplication using the
second matrix H, for two of the three parity bits p,, ps, De,
and may perform an exclusive OR (XOR) operation for the
other one of the three parity bits p,, ps, P (see operation 722
in FIG. 8).

When the operation on the first polynomial 1s ended, the
controller 130 can perform an operation on the second
polynomial. In the second polynomial, the first result (X,)
and one parity (p;) were determined, but the two parity bits
(pos P-) have not yet been determined. The controller 130
may perform matrix multiplication using the second matrix
H,, for one of the two parity bits p,, p-, and may perform an
exclusive OR (XOR) operation for the other of the two
parity bits p,, p- (see operation 722 of FIG. 8).

When the operation on the second polynomaal 1s finished,
the controller 130 can perform an operation on the third
polynomial. In the third polynomaal, the first result (X, ) and
two parity bits (p,, ps) have been determined, but one parity
ps has not yet been determined. The controller 130 may
perform an exclusive OR operation for the one parity pg, S0
that the controller 130 might not perform matrix multipli-
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cation using the second matrix H, for determining the one
parity p. (see operation 724 1n FIG. 8).

As described above, when calculations for a plurality of
polynomials are sequentially performed, matrix multiplica-
tion using the second matrix H, 1s performed for only some
of the 10 parity bits, and other parity bits can be determined

through an exclusive OR (XOR) operation.
FIG. 10 illustrates matrix multiplications and logic opera-

tions that are performed to obtain the LDPC code described
in FIG. 9.

When the 10 polynomials described 1n FIG. 9 are sequen-
tially calculated, the controller 130 may perform matrix
multiplication in many cases. After determining all the 10
parity bits, the controller 130 may sequentially arrange and
transmit the 10 parity bits to the memory device 150. In
some embodiments of the disclosed technology, 1n order to
reduce a case of performing matrix multiplication (G mul-
tiplication) using the second matrix H,, the controller 130
may adjust or change a calculation sequence for the 10
polynomuials.

Referring to FIGS. 9 and 10, an order of calculation for
two polynomials associated with two first results x., X, 1s
changed. When the polynomial for the first result x. 1s
calculated earlier than the polynomaial for the first result x.,
matrix multiplication (G multiplication) should be per-
formed to determine at least one of the two parity bits p,, ps.
However, when the polynomial for the first result x, 1s
calculated first after the calculation sequence 1s changed, the
parity bits p,, po both can be sequentially determined
through an exclusive OR (XOR) operation.

Referring to FI1G. 10, all 10 parity bits may be determined
through calculations on 7 polynomials out of 10 polynomi-
als. In addition, matrix multiplication (G multiplication) 1s
pertormed for only 3 parity bits p,, ps, P, out of 10 parity
bits, and the remaining 7 parity bits p,, p., Ps, Pe> P+ P> Po
can be determined by an exclusive OR (XOR) operation.
Accordingly, the performance ratio (g_mult ratio) of the
matrix multiplication (G multiplication) may be %10 (1.e.,
0.3).

Referring to FIGS. 6 and 9 to 10, a first case of performing,
matrix multiplication for all parity bits can be compared
with a second case of reducing matrix multiplication and
replacing matrix multiplication with an exclusive OR opera-
tion. First, 1t 1s assumed that an average density of the
second matrix H, 1s 0.5.

In a case of performing matrix multiplication for all parity
bits, when a data length 1s M bits, the number of calculations
can be determined as follows.

#ot Calculations=MxMx0.5(average density) (Equation 9)

Referring to FIG. 6, assuming that M 1s 30 corresponding,
to non-volatile memory cells 1n the memory device 150, the
number of calculations 1s 4350 (=30x30x0.5).

On the other hand, 1n a case of reducing matrix multipli-
cation and replacing matrix multiplication with an exclusive
OR operation, the number of calculations can be determined
as follows when the data length 1s M bits.

#ot Calculations=Mx(Mxg mult_ratio)x0.5+

Mx(1-g mult_ratio)x ¥V _deg (Equation 10)

Herein, ‘V_deg’ denotes the degree of a variable node of
the parity check matrix (H Matrix). Referring to FIG. 6,

assuming that M 1s 30, corresponding to non-volatile

memory cells in the memory device 150, the number of
calculations 1s 250 (=30x30x(13)x0.5+30x(1-14)x3). In
some embodiments of the disclosed technology, when some
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matrix multiplication 1s replaced by an XOR operation, the
amount of computation or the number of calculations can be
reduced by 30 to 70%.

In FIGS. 9 and 10, a regular low-density parity check code
(regular LDPC code) 1s 1llustrated by way of example, but
an 1rregular low-density parity check code (irregular LDPC
code) 1s also applicable. In the case of the regular low-
density parity check code (regular LDPC code), the number
of the variables may be the same 1n a plurality of polyno-
mials. For example, in FIG. 10, there are four vanables in
cach polynomial. On the other hand, in the case of the
irregular low density parity check code (irregular LDPC
code), the number of variables included 1n each polynomaial
may vary. In this case, in order to reduce the number of
matrix multiplication operations (G multiplication) while
increasing the number of exclusive OR (XOR) operations,
the controller 130 can first perform a calculation on poly-
nomials with a small number of variables, and operations for
polynomials with a great number of variables are delayed,
and as a result a calculation sequence can be modified.

FIG. 11 1llustrates an eflect of an encoding apparatus 1n a
memory system based on some embodiments of the dis-
closed technology. FIG. 11 shows a computation amount of
the encoding apparatus, which can be determined based on
the number of bits of data stored in non-volatile memory
cells TLC, QLC 1n the memory device 150 through the
Equations 9 and 10. Herein, a gate count can correspond to
the computation amount of the encoding apparatus.

For configuring the encoding apparatus, when matrix
multiplication 1s performed on all parity bits at a data length
(2 KB, 4 KB) (conventional examples), a gate count of a 1s
required 1n a case of a TLC and 2 KB data length, and a gate
count of 1.22-1.39a 1s required om a case of TLC, QLC and
a 4 KB data length. On the other hand, in a case of reducing
matrix multiplication and replacing matrix multiplication
with an exclusive OR operation (Embodiment), a gate count
of 0.85 to 0.92a 1s required 1n a case of TLC, QLC and a 4
KB data length. In some embodiments of the disclosed
technology, compared with two cases of TLC and a 4 KB
data length, an amount of G-matrix multiplication operation
may be reduced by about 60 to 70% based on the use of a
regular LDPC code. Thus, the gate counts of the encoding
apparatus can be reduced by about 30-35%. Accordingly,
resource ufilization of the memory system 110 may be
improved.

A memory system based on some embodiments of the
disclosed technology may improve performance of detecting
and correcting errors occurring in the memory system by
using a Low Density Parity Check (LDPC) code.

In addition, the memory system based on some embodi-
ments of the disclosed technology has an advantage of
reducing resource consumption in the memory system by
reducing an amount of computation for using the low
density parity check code (LDPC code) to generate parity
bits.

Although various embodiments have been described for
illustrative purposes, variations or enhancements to the
disclosed embodiments and other embodiments can be made
based on what 1s disclosed in this patent document.

What 1s claimed 1s:

1. An error correction code apparatus, comprising:

a data mput node configured to receive data to be

encoded; and

an encoder in communication with the data input node

and configured to:
generate a first result by multiplying bits of the data by
a first matrix;
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divide parity bits 1nto a first parity group and a second
parity group based on a plurality of polynomials
determined by a second matrix;

multiply the first result and the second matrix to
generate one or more first parity bits in the first parity
group,

perform an exclusive OR operation on the first result
and the one or more first parity bits included in the
first parity group to generate one or more second
parity bits 1n the second parity group; and

generate a codeword having the bits of the data bits and
the first and second parity bits.

2. The error correction code apparatus according to claim

1, wherein the encoder 1s configured to change a calculation
sequence for generating the one or more {irst parity bits and
the one more second parity bits to reduce a number of first
parity bits icluded in the first parity group.

3. The error correction code apparatus according to claim

1, wherein the encoder 1s configured to use one or more first
or second parity bits that have been calculated 1n the first
parity group or the second parity group to perform a sub-
sequent exclusive OR operation, based on a calculation
sequence, for generating another second parity bit.

4. The error correction code apparatus according to claim

1, wherein the encoder comprises:

a first calculator configured to multiply the bits of the data
by the first matrix to output the first result;

a first selector configured to divide the parity bits into the
first parity group and the second parity group;

a second calculator configured to multiply the first result
by the second matrix to determine the one or more first
parity bits included 1n the first parity group;

a second selector configured to selectively transfer an
output of the second calculator for the exclusive OR
operation;

determination circuitry configured to sequentially group
the number of parity bits and feedback at least one
parity bit for the exclusive OR operation; and

a third calculator configured to perform the exclusive OR
operation on the first result and the first and second
parity bits outputted from the second selector and the
determination circuitry to obtain the one or more sec-
ond parity bits included in the second parity group.

5. The error correction code apparatus according to claim

1, wherein the first matrix includes: a number of rows that
represents the number of the bits of data; and a number of
columns that represents the number of parity bits, and the
second matrix includes: a number of rows that represents the
first number of parity bits; and a number of columns that
represents the first number of parity bits.

6. The error correction code apparatus according to claim

1, wherein each of the plurality of polynomials determined
by multiplication of the first result and the second matrix
comprises a mathematical relationship between the first
result and at least part of the parity bits.

7. A memory system, comprising;

a memory device comprising a plurality of non-volatile
memory cells; and

a controller in communication with the memory device
and configured to store a codeword 1n the plurality of
non-volatile memory cells or read the codeword from
the plurality of non-volatile memory cells, and

wherein the controller 1s configured to:

multiply one or more data bits by a first matrix to generate
a first result:

obtain a first parity group of parity bits by multiplying the
first result by a second matrix and a second parity group
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of parnity bits by an exclusive OR operation on the first
result and the first parity group of parity bits, based on
a plurality of polynomials determined based on the
second matrix; and

combine the one or more data bits and the first and second
parity groups of parity bits to generate the codeword.

8. The memory system according to claim 7, wherein a
length of the codeword 1s determined based on a length of
the one or more bits programmed or read at each program
operation or read operation.

9. The memory system according to claim 7, wherein the
controller 1s configured to change a calculation sequence for
generating the one or more {irst parity bits 1n the first parity
group and the one more second parity bits 1n the second
parity group to reduce a number of first parity bits included
in the first parity group.

10. The memory system according to claim 7, wherein the
controller 1s configured to use one or more first or second
parity bits that have been calculated in the first parity group
or the second parity group to perform a subsequent exclusive
OR operation, based on a calculation sequence, for gener-
ating another second parity bit.

11. The memory system according to claim 7, wherein the
controller comprises:

a first calculator configured to multiply the one or more

data bits by the first matrix to output the first result;

a first selector configured to divide the parity bits into the
first parity group and the second parity group;

a second calculator configured to multiply the first result
by the second matrix to determine the one or more first
parity bits included 1n the first parity group;

a second selector configured to selectively transier an
output of the second calculator for the exclusive OR
operation;

determination circuitry configured to sequentially group
the first and second parity bits included in the first and
second parity groups and feedback at least one parity
bit for the exclusive OR operation; and

a third calculator configured to perform the exclusive OR
operation on the first result and the first and second
parity bits outputted from the second selector and the
determination circuitry to obtain the one or more sec-
ond parity bits included 1n the second parity group.

12. The memory system according to claim 7, wherein the
one or more data bits include a first number of data bits and
the parity bits include a second number of parity bits, and
wherein the first matrix includes: a number of columns that
represents the number of parity bits; and a number of rows
that represents the first number of data bits, and the second
matrix includes: a number of rows that represents the second
number of parity bits; and a number of columns that repre-
sents the second number of parity bits.

13. The memory system according to claim 7, wherein
cach of the plurality of polynomials determined by multi-
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plication of the first result and the second matrix comprises
a mathematical relationship between the first result and at
least part of the parity bits.

14. The memory system according to claim 7, wherein the
controller 1s configured to detect and correct an error 1n the
codeword upon receipt of the codeword from the memory
device.

15. A method for operating a memory system, comprising;:

checking one or more data bits and a program command

input from an external device;

multiplying the one or more data bits by a first matrix to

generate a {irst result;
dividing parity bits mnto a first parity group of parity bits
obtained by multiplying the first result by a second
matrix and a second parity group of parity bits obtained
by an exclusive OR operation on the first result and the
first parity group of parity bits, based on a plurality of
polynomials determined by the second matrix;

combining the one or more data bits and the first and
second parity groups of parity bits to generate a code-
word; and

writing the generated codeword into the memory system.

16. The method according to claim 15, wherein a length
of the codeword 1s determined based on a length of the one
or more bits programmed or read once at each program
operation or read operation.

17. The method according to claim 15, further compris-
ng:

changing a calculation sequence for generating the one or

more first parity bits 1n the first parity group and the one
more second parity bits 1 the second parity group to
reduce a number of first parity bits included 1n the first
parity group.

18. The method according to claim 15, wherein the one or
more first or second parity bits that have been calculated 1n
the first parity group or the second parity group are used to
perform a subsequent exclusive OR operation for generating
another second parity bit according to a calculation sequence
of the plurality of polynomuals.

19. The method according to claim 15, wherein the one or
more data bits include a first number of data bits and the
parity bits include a second number of parity bits, and
wherein the first matrix icludes: a number of columns that
represents the number of parity bits; and a number of rows
that represents the first number of data bits, and the second
matrix includes: a number of rows that represents the second
number of parity bits; and a number of columns that repre-
sents the second number of parity bits.

20. The method according to claim 15, wherein each of
the plurality of polynomials determined by multiplication of
the first result and the second matrix comprises a math-

ematical relationship between the first result and at least part
of the parity baits.
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